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ARF—fator de transcrição responsivo à auxina  
DCL1—proteína tipo Dicer 1 





mRNAs- RNAs mensageiros 
NPR1—receptor peptídico natriurético A  
nt—nucleotídeos 
PARE-Seq—Análise em paralelo das sequências das extremidades dos RNAs  
PEG—Polietileno glicol 
PolII—RNA polimerase II  
Pre-miRNA—precursor do miRNA  
Pri-miRNAs—microRNAs primários 
RISC—complexo de silenciamento induzido por RNA  
RT-qPCR—Transcrição reversa seguida do PCR quantitativo. 
Ser—Serina  
sncRNAs—pequenos RNAs não codificantes 
sRNAs—pequenos RNAs 
Thr—Treonina 








As plantas, por serem organismos sésseis, enfrentam persistentemente 
perturbações ambientais adversas denominadas estresses abióticos, sendo as 
mais importantes, a seca, a salinidade do solo, as temperaturas extremas e a 
presença de metais pesados. Em resposta, as plantas desenvolveram 
mecanismos de tolerância, resistência e prevenção para minimizar a influência 
do estresse, utilizando estratégias de curto prazo para readaptar rápida e 
eficientemente seu metabolismo. Neste sentido, os pequenos RNAs não 
codificantes (sncRNAs) são fortes candidatos para realizar este tipo de 
regulação. Através do sequenciamento de nova geração revelou-se o papel dos 
sncRNAs na regulação da expressão gênica em nível transcricional e pós-
transcricional. Dentre os sncRNAs, os microRNAs (miRNAs) são os mais 
conhecidos e os fragmentos derivados dos RNAs transportadores (tRFs) são os 
mais novos e com maiores perspectivas de descobertas futuras. Os miRNAs 
desempenham papéis regulatórios essenciais tanto no crescimento das plantas 
quanto no desenvolvimento e resposta ao estresse, enquanto os tRFs, em sua 
maioria, têm sido associados a respostas de estresse.   
Eugenia uniflora L., “pitanga” ou a cereja brasileira é uma árvore frutífera 
nativa da América do Sul que pertence à família Myrtaceae. Ela cresce em 
diferentes ambientes; florestas, restingas e ambientes áridos e semi-áridos no 
nordeste brasileiro, sendo uma espécie versátil em termos de adaptabilidade e 
que desempenha um papel fundamental na manutenção da vegetação costeira 
arbustiva. Além disso, é muito conhecida por suas propriedades medicinais que 
são atribuídas aos metabólitos especializados presentes nas folhas e frutos. E. 
uniflora representa uma fonte fascinante da biodiversidade do germoplasma e 
tem um grande potencial como fonte de genes para o melhoramento genético. 
Portanto, a compreensão dos mecanismos que conferem tolerância ao estresse 
nesta planta é de particular importância. Nesse contexto, o objetivo do presente 
trabalho é a identificação de sncRNAs (miRNAs e tRFs) por ferramentas de 
bioinformática e análise do padrão de expressão destes sob condições de 
estresse abiótico (seca e salinidade), bem como avaliação dos genes envolvidos 
nesta resposta.  
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No capítulo 1, bibliotecas de DNA, pequenos RNAs (sRNAs) e RNAseq 
de folhas foram usadas para identificar pre-miRNAs, miRNAs maduros e 
potenciais alvos destes miRNAs, respectivamente. A montagem de novo do 
genoma permitiu identificar 38 miRNAs conservados e 28 novos miRNAs. Após 
a avaliação da expressão destes, 11 conservados, entre eles miR156 e miR170, 
mostraram variação significativa nas condições de restinga e de estresse 
induzido por PEG. A maioria deles foram previamente descritos em processos 
de estresse em outras espécies. 14 novos miRNAs foram avaliados em 
diferentes tecidos de pitanga mostrando variação significativa no padrão de 
expressão. Os alvos destes últimos miRNAs foram preditos e validados por RT-
qPCR. Eles correspondem a genes de fatores de transcrição e outros genes 
como transferases ou ATPases e demonstraram o padrão esperado oposto à 
expressão dos miRNAs. 
No capítulo 2, as mesmas bibliotecas foram usadas para identificar tRFs 
conservados na família das Myrtaceae. Para isso, os tRNAs de Eucalyptus 
grandis e E. uniflora foram anotados e os tRNAs comuns foram utilizados para o 
ancoramento dos sRNAs. 479 tRFs foram identificados em pitanga, na maioria 
com 18 nucleotídeos (nt). Um conjunto de 11 tRFs conservados em ambas 
espécies, assim como seus alvos, foram avaliados em condições de estresse 
salino e seca demonstrando diferenças significativas dependendo do tipo de 
estresse. Os alvos identificados correspondem a genes previamente descritos 
como envolvidos em estresse salino e seca para outras espécies. 
O presente trabalho apresenta fortes evidências do envolvimento dos 
miRNAs em processos de desenvolvimento e estresse, assim como dos tRFs na 
resposta à seca e estresse salino presente em E. uniflora. Além disso, os dados 
produzidos poderão ser utilizados em estudos funcionais mais aprofundados que 
servirão para melhor compreensão dos mecanismos de tolerância presentes 







Plants being sessile organisms, persistently face adverse environmental 
perturbations termed as abiotic stresses, most important being drought, soil 
salinity, extreme temperatures, and heavy metals. They developed several 
strategies such as tolerance, resistance, and avoidance to minimize stress 
influence, thus require short-term strategies to quickly and efficiently readapt their 
metabolism. In this sense, small non coding RNAs are strong candidates to do 
this kind of fine tune regulation. Next generation sequencing technologies have 
revealed the key role of these sncRNAs in the transcriptional and post-
transcriptional gene-expression regulation. Among the myriad of new sncRNAs, 
miRNAs are the most known ones and the fragments derived from tRNAs (tRFs) 
are the newest but with high perspective ones. The miRNAs are endogenous 
small RNAs that play essential regulatory roles in plant growth, development and 
stress response. In the case of tRFs, they are mainly involved in stress response.  
Eugenia uniflora L., ‘pitanga’ or Brazilian cherry is a fruit tree native to 
South America that belongs to Myrtaceae family. It grows in several different 
harsh environments, including forests, restingas, near the beach, and arid and 
semiarid environments in the Brazilian northeast. This species is very versatile in 
terms of adaptability and plays a fundamental role in the maintenance of the 
shrubby coastal vegetation. However, this species is best-known because its 
medicinal properties that are attributed to specialized metabolites with known 
biological activities present in their leaves and fruits. E. uniflora is a fascinating 
reservoir of germplasm biodiversity and has great potential as a source of genes 
for plant breeding. Therefore, understanding the mechanisms conferring stress 
tolerance will be very useful. In this sense, the objective of this work is to identify 
sncRNAs (miRNAs and tRFs) by bioinformatic tools and to analyze their 
expression pattern under stress conditions as well as the genes involved in that 
response.  
In chapter 1, DNA, small RNA (sRNA) and RNAseq libraries from leaves 
were used to identify pre-miRNAs, mature miRNAs and potential targets of these 
miRNAs, respectively. De novo assembly of the genome identified 38 conserved 
miRNAs and 28 novel miRNAs. After evaluating their expression pattern, 11 
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conserved miRNAs, including miR156 and miR170, showed significant variation 
in the natural (restinga habitat) and PEG induced stress. Most of them were 
previously reported in stress processes. 14 novel miRNAs were evaluated in 
different tissues of pitanga showing significant variation in the expression pattern. 
The targets of the last miRNAs were predicted and validated by RT-qPCR. They 
were transcription factor genes and other genes such as transferases or ATPases 
and showed the expected opposite pattern to miRNA expression. 
In Chapter 2, the same libraries were used to identify conserved tRFs in 
the Myrtaceae family. To do this, the tRNAs of Eucalyptus grandis and E. uniflora 
were annotated and sRNAs mapped into them. 479 tRFs were identified in 
pitanga with predominance of those with 18 nucleotide length. 11 conserved tRFs 
in both species, as well as their targets, were evaluated under saline and drought 
stress conditions showing significant differences depending on the stress type. 
The targets were genes previously involved in saline and drought stress for other 
species. 
The present work shows strong evidences of the involvement of the 
miRNAs in the development and stress, as well as the tRFs in the tolerance to 
drought and saline stress of E. uniflora. In addition, the data could be used in 
more detailed functional studies that will serve to corroborate and better 







1.1. Floresta Atlântica 
A Floresta Atlântica (FA) é um das ecoregiões  presentes na América do 
Sul, sendo considerada a segunda maior floresta tropical deste continente e 
destaca-se como um dos principais centros de biodiversidade do mundo (Myers 
et al. 2000). Ela cobre uma área de mais de um milhão de quilômetros quadrados 
ao longo da costa brasileira, estendendo-se até o leste do Paraguai e nordeste 
da Argentina (Oliveira-Filho and Fontes 2000; Ribeiro et al. 2009). Conforme o 
Instituto Brasileiro de Geografia e Estatística (IBGE 1988) a Floresta Atlântica é 
formada por um conjunto de diferentes formações vegetais: Florestas Ombrófila 
Densa, Ombrófila Aberta e Mista, Floresta Estacional Decidual e Semidecidual, 
campos de altitude, Manguezais, Restingas e Dunas. Todas elas estão 
presentes dentro do bioma FA ou na borda dele. Porém, a diversidade das 
comunidades de plantas na periferia é menor porque elas são submetidas a 
condições ambientais adversas mais extremas tais como altas e baixas 
temperaturas (incluindo congelamento), seca, alagamentos, constantes ventos, 
alta salinidade e falta de nutrientes. Por exemplo, nas restingas, dispersas em 
toda a costa brasileira, as plantas estão sujeitas a salinidade atmosférica, alta 
radiação solar, oligotrofia do solo e baixa disponibilidade de água (Scarano et al. 
2001). Dentre todo o conjunto de famílias de plantas, Myrtaceae, depois das 
Leguminosae, é a família das lenhosas mais rica (Oliveira-Filho and Fontes 
2000) ou a segunda mais rica (Stehmann et al. 2009) em espécies presente na 
FA e na sua borda. 
1.2. Familia Myrtaceae 
Myrtaceae é a oitava maior família de plantas com flores que inclui 
aproximadamente 142 gêneros e cerca de 55000 espécies. A sua distribuição 
fica concentrada na Austrália, no Sudeste Asiático e na região Neotropical, além 
de uma pequena representação na África. A família domina vários tipos de 
vegetação na América do Sul através de uma variedade de ecótipos (Wilson et 
al. 2001).  
Durante muito tempo, a família foi dividida em duas subfamílias: 
Myrtoideae, composta de frutos carnosos, folhas opostas e distribuição 
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pantropical; e Leptospermoideae, caracterizada por frutos secos, folhas alternas 
e distribuição na Oceania. Diversos trabalhos mostraram que estes grupos não 
são monofiléticos e baseado em estudos filogenéticos sugerem a reorganização 
da família, considerando como subfamílias Psiloxyloideae e Myrtoideae 
contendo 2 e 15 tribos, respectivamente (Wilson et al. 2001; Wilson et al. 2005).  
Dentro de Myrtoideae encontra-se duas tribos muito importantes para este 
estudo: Eucalypteae e Myrteae. A primeira constituída por gêneros como 
Eucalyptus, Corymbia e Angophora e a Myrteae que engloba todas as espécies 
neotropicais com exceção do gênero Tepualia da família Myrtaceae. A tribo 
Myrteae apresenta distribuição pantropical (Govaerts et al. 2015), mas sua 
diversidade é concentrada na América tropical, principalmente na porção leste 
(Floresta Atlântica), no Planalto das Guianas e no Caribe (Mcvaugh 1968).       
1.3. Eugenia uniflora L. 
Eugenia uniflora L., 'pitanga' ou cereja brasileira faz parte da tribo Myrteae, 
do gênero Eugenia, o maior dentre as Myrtaceae neotropicais, com mais de 1050 
espécies (Mazine et al. 2014). Ela cresce em uma variedade de regiões 
fitogeográficas na AF, incluindo a Floresta tropical, a floresta semidecidual 
(Oliveira-Filho and Fontes 2000), pampa brasileira (Roesch et al. 2009) e 
restinga (Scarano 2002),  desde o Nordeste até a região sul do Brasil, norte da 
Argentina e Uruguai.  Esta espécie consegue crescer em todas essas regiões 
sendo muito versátil em termos de adaptabilidade. Por exemplo, é um arbusto 
ou uma pequena árvore na vegetação arenosa da planície costeira perto do 
oceano no Sudeste e no nordeste do Brasil; ou uma árvore na parte sul da FA 






Figura 1. Eugenia uniflora como arbusto em ambientes de restinga na praia de Grumari, 
Rio de Janeiro (A) e como uma árvore em Porto Alegre no Rio Grande do Sul, sudeste 
do Brazil (B). 
 
Alguns trabalhos sobre diversidade genética em populações dessa 
espécie utilizando marcadores moleculares mostraram que a maior percentagem 
de diversidade genética foi observada dentro das populações (Margis et al. 2002; 
Salgueiro et al. 2004). Um estudo filogeográfico de E. uniflora ao longo de toda 
a sua distribuição corroboram esses resultados e revelaram uma alta 
variabilidade nas populações dessa espécie no extremo sul de sua distribuição, 
enquanto uma menor variabilidade foi detectada em populações nas regiões 
sudeste e nordeste (Turchetto-Zolet et al. 2016). 
Pelo mesmo motivo que a pitanga consegue se desenvolver em 
ecossistemas muitas vezes hostis, estudos indicam E. uniflora como uma planta 
tolerante ao estresse. Ela consegue reagir e se adaptar rapidamente devido à 
ativação de uma série de mecanismos bioquímicos e fisiológicos, tais como, 
diminuição da atividade fotossintética, incremento da acumulação de osmólitos 
(como a prolina) ou pelo ativação de enzimas como a superóxido dismutase e a 
catalase (Toscano et al. 2016).   
Além disso, E. uniflora possui frutos comestíveis que se caracterizam pelo 
baixo conteúdo de lipídeos e calorias, e pela presença de substâncias 
biologicamente ativas, principalmente compostos fenólicos e carotenóides, que 
fazem dela uma fonte de antioxidantes (Spada et al. 2008). Além dos frutos, as 
folhas da pitanga também são usadas na medicina popular como infusões no 
tratamento da febre, reumatismo, doenças estomacais e hipertensão (Lim 2012) 




Figura 2. Frutos da pitanga crescida em restinga do Rio de Janeiro. Fotos do professor 
Fabiano Salgueiro. 
 
1.4. Pequenos RNAs não codificantes (sncRNAs) 
A regulação pós-transcricional representa uma rede integrada de um 
conjunto de RNAs, dentre as quais os RNA regulatórios desempenham um papel 
importante na decodificação e regulação génica. O aumento das abordagens de 
sequenciamento de nova geração tem amplamente elucidado várias classes de 
RNAs reguladores entre eles os categorizados como pequenos RNAs não 
codificantes (sncRNAs) (Heo et al. 2013). 
Em várias espécies de plantas a maioria dos trabalhos com sncRNAs 
estão focados na classe mais abundante deles os miRNAs (Zhang et al. 2006). 
Eles coordenam muitas atividades regulatórias e redes de interação, as quais 
demonstram o papel fundamental que eles desempenham na compreensão da 
genômica funcional e desenvolvimento das plantas (Meng et al. 2011; Li and 
Zhang 2016). Com o avanço das tecnologias de sequenciamento, uma nova 
classe de sncRNAs tem aparecido, os fragmentos derivados de RNAs 
transportadores (tRFs). Eles ganharam importância substancial na genômica de 
plantas por apresentarem interações canônicas com a proteína AGO1, assim 
como os miRNAs (Alves et al. 2017; Martinez et al. 2017), e também por estarem 
envolvidos em processos de estresse.  
a) microRNAs (miRNAs) 
Os miRNAs maduros são sequências pequenas de RNA de cadeia 
simples com 18-24 nucleotídeos de comprimento que se ligam por 
complementaridade de bases ao seus RNA mensageiros (mRNA) alvo. Eles 
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podem regular a expressão gênica no nível pós-transcricional através dá 
clivagem ou inibição da tradução de seus mRNAs alvos e no nível transcricional 
através da remodelação da cromatina e/ou metilação do DNA. Geralmente, a 
biogênese dos miRNAs envolve várias etapas inter dependentes, que incluem a 
transcrição primária dos miRNAs (pri-miRNAs), seu processamento e 
modificações, até o carregamento no complexo de silenciamento induzido por 
RNA (RISC) (Li and Zhang 2016) (Figura 3). 
 
Figura 3. Representação gráfica do processo de biogêneses dos miRNAs. Figura 
tomada de Li and Zhang (2016). “MicroRNA in control of plant development” 
 
A transcrição dos pri-miRNAs de plantas é semelhante ao processo dos 
genes codificantes. A maioria deles são transcritos a partir de suas próprias 
unidades transcricionais denominadas genes MIR, cujas sequências genômicas 
localizam-se geralmente nas regiões intergênicas, que possuem seus próprios 
promotores e padrões de regulação independentes (Nozawa et al. 2012). Nas 
plantas, o ativador transcricional dependente de DNA, a RNA polimerase II (Pol 
II), é aquela que transcreve, na maioria das vezes, os genes MIR produzindo os 
miRNAs primários (pri-miRNAs). A eles se adiciona o cap na extremidade 5’ e 
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uma cauda de adeninas na extremidade 3’ antes do processamento posterior 
(Lee et al. 2004). 
Os pri-miRNAs possuem uma estrutura de grampo imperfeita necessária 
para direcionar a DICER-LIKE1 (DCL1) no processo de clivagem e com isso 
gerar o precursor dos miRNAs (pre-miRNA). Esta estrutura é processada depois 
pela mesma DCL1 gerando o duplex miRNA/miRNA*. Para aumentar a 
estabilidade a extremidade 3’ é metilada pela RNA metiltransferase hua 
enhancer 1 (HEN1) no núcleo. Em Arabidopsis, a proteína argonauta 1 (AGO1), 
que possui atividade de endonuclease, é a encarregada de recrutar o miRNA 
para formar o complexo de silenciamento induzido por RNA (RISC). Neste 
complexo, uma fita simples do pequeno RNA maduro funciona como guia para 
a posterior degradação ou inibição do mRNA alvo (Bologna and Voinnet 2014). 
Muitos indicam a funcionalidade de ambos miRNAs do duplex, portanto o par 
miRNA/miRNA* foi renomeado para miR-5p e miR-3p (Desvignes et al. 2015).  
Os miRNAs tem algumas características principais que ajudam no 
processo da sua identificação, entre elas: (1) todos os miRNAs são sncRNAs, 
geralmente ~21-24 nucleotídeos (nt) de comprimento em plantas (2) todos os 
precursores de miRNAs formam uma estrutura de grampo cujo rearranjo 
tridimensional mais provável é o de menor energia livre. Além disso, miR-5p e 
miR-3p são derivados de braços opostos neste grampo, de modo que eles 
devem formar um duplex com dois nucleotídeos 3’ sobressalentes no final. O 
extenso pareamento de bases entre eles não permite mais que 3 ou 4 bases não 
pareadas e tem pouca presença de alças dentro do duplex. As estruturas de 
grampo podem ser preditas por programas computacionais tais como o RNAfold 
(Hofacker 2003) (3) Muitos miRNAs maduros são conservados evolutivamente 
(Bartel 2004). No entanto, algumas dessas características não são únicas para 
os miRNAs, por isso, é importante incluir alguns critérios no momento da 
identificação de gene candidatos de miRNAs, especialmente quando novos 
miRNAs são reportados (Axtell and Meyers 2018). 
Os miRNAs podem ser identificados por quatro abordagens diferentes:  o 
screening genético (Lee et al. 1993; Wightman et al. 1993), a clonagem direta 
após o isolamento dos sncRNAs (Lu et al. 2005), a análise de sequências de 
expressão etiquetadas (Expressed Sequence Tag ou ESTs) (Zhang et al. 2005) 
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e a análise de dados provenientes do sequenciamento de nova geração. Esta 
última abordagem baseia-se na análises de genomas e usos de programas 
computacionais como o miRDeep2 (Friedländer et al. 2012) ou miRPREFeR (Lei 
and Sun 2014) para predizer miRNAs. Todos eles já demonstraram sucesso na 
identificação de genes de miRNAs em Arabidopsis (Yang et al. 2011), café (Loss-
Morais et al. 2014), arroz (Yang and Li 2012; Wen et al. 2016), tomate (Liu et al. 
2017), Catharanthus roseus (Shen et al. 2017) entre outros. O passo seguinte é 
confirmar os níveis de expressão destes miRNAs candidatos preditos pelos 
programas de bioinformática, para isso podem-se usar diferentes metodologias 
como o Northern Blot, a PCR quantitativa seguida da transcrição reversa (RT-
qPCR) ou os microarranjos de miRNAs. Porém, na atualidade, é a RT-qPCR a 
técnica mais usada nos processos de quantificação e validação da expressão de 
miRNAs em plantas (Zhang and Wang 2015). 
A técnica da PCR quantitativo em tempo real é o procedimento 
preferencial na quantificação da expressão gênica. No caso dos miRNAs foi 
proposto uma modificação no desenho dos iniciadores para conseguir quantificar 




Figura 4. Esquema da metodologia usada na quantificação dos miRNAs. O processo 
tem dois passos, uma transcrição reversa (RT) e uma PCR quantitativa em tempo real.  
No primeiro, os iniciadores se ligam à porção 3’ das moléculas de mRNA e são 
transcritos pela transcriptase reversa. Em seguida, o produto RT é quantificado usando 
PCR TaqMan convencional que inclui o iniciador direto específico do miRNA, o iniciador 
reverso universal. Figura modificada de Chen et al., (2005). “Real-time quantification of 
microRNAs by stem–loop RT–PCR” 
A técnica baseia-se na formação de um stem-loop para a transcrição 
reversa (RT) com ajuda de iniciadores específicos que contém a sequência 
complementar reversa dos seis nucleotídeos finais do miRNA maduro, assim 
como nucleotídeos adicionais que formam a estrutura de loop. Estas duas 
características permitem aumentar a estabilidade, especificidade e sensibilidade 
desta técnica com respeito a uma PCR quantitativa que usa iniciadores lineares. 
Depois, da RT vem o processo de amplificação normal com o uso de um iniciador 
universal que se ancora no loop e um iniciador específico que possui uma 
sequência parcial do miRNA maduro, não contendo os seus seis últimos 
nucleotídeos. Inicialmente a técnica foi proposta usando sondas Taq-man, 
porém o uso de corantes fluorescentes intercalantes como o Sybr-green também 
tem sido reportado para a quantificação em tempo real (Kulcheski et al. 2011).   
Com o surgimento das tecnologias de sequenciamento de nova geração, 
o número de miRNAs de plantas, identificados e anotados funcionalmente, tem 
aumentado exponencialmente, levando ao estabelecimento de bancos de dados 
biológicos que atuam como arquivos de sequências e anotações de miRNAs, tal 
como o miRBase (Griffiths-Jones et al. 2008). Nesta base de dados, alguns dos 
genes de miRNAs estão organizados em diferentes grupos, denominados 
famílias de miRNAs, baseados no RNA maduro e na sequência e/ou estrutura 
dos pré-miRNAs. As famílias de miRNA são importantes porque sugerem uma 
sequência ou configuração de estrutura comum neste conjunto de genes o que 
indicaria uma função similar também (Griffiths-Jones et al. 2008). O conjunto de 
análises funcionais e experimentais indicam que existem miRNAs e seus alvos 
conservados desde musgos até eudicotiledôneas. Estes miRNAs conservados 
são quase idênticos ou tem apenas algumas mudanças de nucleotídeos entre 
eles. Dentre estes, existe uma pequena porção de miRNAs presentes em várias 
grandes linhagens de plantas terrestres. No total, na versão atual do miRBase 
(versão 22) tem 39 famílias de miRNAs presentes em duas ou mais espécies de 
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plantas filogeneticamente distantes. Os miRNAs conservados desempenham um 
papel importante na regulação de genes conservados, como a morfologia das 
folhas e das flores, desenvolvimento, ou a transdução de sinal. Já os miRNAs 
não conservados pelo contrário, são menos abundantes e podem desempenhar 
papéis mais específicos em cada espécie de plantas, como a resistência ao 
estresse ou formação da fibra no caso do algodão por exemplo (Zhang et al. 
2013; Zhang 2015). 
Os miRNAs regulam na maioria das vezes fatores de transcrição. Eles são 
indicados como os principais coordenadores no crescimento e desenvolvimento, 
nas respostas ao estresse e no crosstalk em diferentes vias de transdução de 
sinais nas plantas. Portanto, alterações na expressão deles irão resultar em 
mudanças significativas para o organismo (Rubio-Somoza and Weigel 2011; 
Kamthan et al. 2015). Por exemplo, existem miRNAs que atuam como 
reguladores chaves no desenvolvimento da raiz através da regulação do fator de 
transcrição dependente de auxina (ARFs) (Khan et al. 2011) e também atuam no 
crescimento de frutos em Arabidopsis (José Ripoll et al. 2015) ou nos processos 
de indução floral e formação de flores (Hong and Jackson 2015). Itaya et al. 
(2008) identificaram um grande número de miRNAs espécie-específicos de 
tomate (Solanum lycopersicon) que atuavam no desenvolvimento do fruto (Itaya 
et al. 2008). Além disso, esses miRNAs já foram identificados como reguladores 
de genes envolvidos em processos como a assimilação de enxofre e a 
degradação de proteínas dependentes de ubiquitina (Bonnet et al. 2004). Uma 
série de miRNAs foram identificados tendo como genes alvos aqueles envolvidos 
em rotas metabólicas de enchimento de grãos e biossíntese de nutrientes, 
incluindo o metabolismo de carboidratos e proteínas, transporte celular e 
transdução de sinais além da sinalização de fito-hormônios. Todos estes estudos 
propõem o uso dos miRNAs específicos como uma estratégia inovadora e 
potente para melhorar o crescimento da planta, a biomassa e o rendimento das 
culturas (Zhang and Wang 2015). Por exemplo, tem um estudo mostrando que 
a superexpressão do miR156 resulta no aumento do rendimento de biomassa 
vegetal da grama (Panicum virgatum). As plantas transgênicas conseguiram um 
58% -101% a mais de rendimento de biomassa vegetal do que as plantas 
silvestres. Este aumento na produção foi devida à inibição da dormência apical. 
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Com isso, nas plantas transgênicas geradas teve um aumento da produção de 
biocombustíveis na fase posterior (Fu et al. 2012). 
b) Fragmentos derivados de RNA transportadores (tRFs) 
Os RNAs transportadores (tRNAs) são aqueles que fornecem os 
aminoácidos ao ribossomo para síntese de proteínas. Além desse papel 
fundamental, eles podem assumir outras funções biológicas interagindo com 
uma ampla gama de proteínas envolvidas em vias de regulação e sinalização. 
Eles conseguem cumprir essas funções adicionais porque podem ser clivados 
por ribonucleases específicas dando origem aos denominados fragmentos 
derivados de RNAs transportadores (tRFs) (Cole et al. 2009; Soares and Santos 
2017). 
Como já foi mencionado, eles foram descobertos como consequência das 
novas tecnologias de sequenciamento. Inicialmente foram identificados como 
produtos de degradação devido a sua grande abundância nas bibliotecas de 
sequenciamento de sRNAs. Porém, a abundância de reads que mapeiam num 
domínio específico do tRNA maduro sugeriu que estes tRFs poderiam ser 
funcionais e não fragmentos gerados aleatoriamente (Lee et al. 2009).  
Os tRFs estão universalmente identificados em todo os domínios da 
árvore da vida. Eles foram descritos em bactérias (Kumar et al. 2014), algas 
(Åsman et al. 2014), archaea (Gebetsberger et al. 2012), protozoa (Liao et al. 
2014), vermes (Cai et al. 2013), plantas (Chen et al. 2011; Alves et al. 2017), 
leveduras (Bühler et al. 2008) e mamíferos (Kawaji et al. 2008; Liao et al. 2010; 
Telonis et al. 2015). Com toda essa informação, criou-se uma base de dados de 
tRFs onde estão depositados 552, 559, 433, 320 e 649 tRFs correspondentes 
aos humanos, camundongos, Drosophila, S. pombe e C. elegans, 
respectivamente (Kumar et al. 2015). 
Os tRFs são classificados dependendo da posição de onde eles são 
gerados dentro dos tRNAs. Os dois tipos principais são: os 5’tRFs, também 
conhecidos como tRF-5 que derivam da clivagem da extremidade 5’ do tRNA 
maduro perto do D-loop e os 3’tRFs, ou tRF-3, que são originados pelo 
processamento da extremidade 3’ do tRNA maduro no TψC-loop que contém a 
modificação pós-transcricional dos três nucleotídeos CCA. Existem outros tRFs 
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também reportados na literatura como os 3’-U-tRFs que derivam do 
processamento do pré-tRNA e contêm resíduos poli-U na extremidade 3’, as 
metades do tRNA (tRNA halves) principalmente envolvidas em estresse e por 
último os tRFs endógenos (i-tRFs) que derivam da clivagem dos domínios 
internos dos tRNAs maduros (Figura 5). 
 
Figura 5. Diferentes tipos de fragmentos derivados de RNA transportadores(tRFs) 
produzidos a partir do pré-tRNA ou do tRNA maduro. A Rnase P remove a extremidade 
5’ do pré-tRNA transcrito e a RNase Z (ELAC2) remove a extremidade 3’. Os 3’-U-tRFs 
ou tRF-1 (amarelo) são produzidos após a clivagem da molécula de pré-tRNA pela 
RNAseZ (ou ELAC2). Vários tRFs são produzidos por clivagem endonucleolítica dos 
tRNA maduros. A Dicer e angiogenina, estão envolvidas na biogênese tRFs em 
vertebrados. tRF-5 ou 5’tRF (azul), tRF-3 ou 3’tRF (vermelho), tRFs endógenos (i-tRFs-
verde), RNAs derivados de tRNAs dependentes de hormônios e do sexo (SHOT-RNAs-
roxo) e as metades de tRNA (cinza). Figura tomada de Soares e Santos (2017) 




A biogênese dos tRFs ainda não está totalmente esclarecida. Segundo 
alguns trabalhos, parece que eles usariam a mesma via de sínteses dos 
miRNAs. Nos mamíferos, o processo parece ser dependente das proteínas 
Dicer, porém um estudo usando células HEK293 demonstrou um processamento 
independente das enzimas Dicer e Dgcr8 e analisando tRFs de Phytophthora 
infestans, Drosophila melanogaster, camundongo e Schizosaccharomyces 
pombe demonstrou-se que a maquinaria de sínteses do miRNA canônico não 
era necessária (Kumar et al. 2014). Já nas plantas, o cenário é parecido com os 
mamíferos. Inicialmente eles foram indicados como processados pelas proteínas 
tipo Dicer (Martinez et al. 2017) devido a observação de uma diminuição 
significativa na produção dos tRFs em mutantes de dcl1 e ago1. Porém, no 
mesmo ano apareceu outro trabalho analisando tRFs em A. thaliana, Oryza 
sativa e Physcomitrella patens que propôs um mecanismo de processamento 
independente das Dicer (Alves et al. 2017). Uma das razões da 
hipervariabilidade no mecanismo de geração dos tRFs é o fato que pode ser o 
resultado de mecanismos diferentes ou podem haver fatores tecido-específicos 
que determinam o tipo de tRF produzido. Outra razão pode ser que sejam um 
conjunto de endonucleases as responsáveis pela produção dos tRFs e não uma 
enzima só (Sobala and Hutvagner 2013), tendo em vista que os tRFs estão 
restritos ao citoplasma e muitos deles são produzidos por outras endonucleases 
como as angiogeninas (Ivanov et al. 2011). No entanto, organismos como 
bactérias e arqueias conseguem gerar tRFs ainda não tendo o mecanismo de 
sínteses de miRNAs canônico. Reforçando isso aí, numerosos estudos 
mostraram que os tRFs podem ser produzidos na ausência de muitas destas 
ribonucleases convencionais, o qual indicaria um sistema de regulação mais 
antigo que não depende de vias de silenciamento gênico convencional (Keam 
and Hutvagner 2015). É importante mencionar que embora os procariontes não 
têm muitas das enzimas envolvidas no processamento dos miRNAs, eles 
expressam muitas endonucleases dependentes do isotipo do tRNA (Ogawa et 
al. 1999; Tomita et al. 2000). 
Os tRFs apresentam muitas características que ajudam a reforçar a ideia 
que eles não são produtos de uma clivagem inespecífica das endonucleases. 
Entre as quais: (1) numerosos trabalhos que demonstram que o processamento 
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do tRNA em tRFs é notavelmente sítio-específico, gerando tRFs com 
comprimentos definidos entre os diferentes tipos de células. Assim por exemplo 
em A. thaliana os tRFs de 19 nt são os mais abundantes, já nos cereais é um 
pouco diferente, em O. sativa o mais abundante corresponde ao 5’tRF de 25 nt 
e em Triticum aestivum é de 21 nt. Este último é muito importante porque afeta 
a associação deles com as proteínas AGOs que ao mesmo tempo determinam 
a eficiência na clivagem e na acessibilidade de seus genes alvos. Alves et al. 
(2017) demonstraram a associação dos tRFs de 19 e 20 nt de comprimento com 
AGO2 e AGO5, enquanto com AGO4 foi encontrado uma maior abundância de 
fragmentos de 19, 24 e 25 nt, respectivamente. (2) a expressão de tRF não se 
correlaciona com a abundância de seus respectivos tRNAs precursores, com a 
exceção dos identificados em Tetrahymena (Couvillion et al. 2010). A geração 
de tRFs parece estar restrita a isotipos específicos de tRNAs, em alguns casos 
determinando o tipo de endonuclease envolvida, sugerindo assim que a seleção 
e processamento do isotipo do tRNA não são aleatórios. (3) os tRFs exibem 
características de moléculas reguladoras funcionais. Eles conseguem inibir a 
transcrição de seus mRNAs alvos de um jeito similar aos miRNA porém a 
presença de Guanina na extremidade 5’ dos tRF comparado com o Uracila ou 
Adenina presente nos miRNAs indica uma biogênese diferente (Loss-Morais et 
al. 2013). Essas observações são semelhantes àquelas observadas no fungo 
patogênico Phytophthora sojae (Wang et al. 2016a), sugerindo um padrão de 
conservação desses nucleotídeos na extremidade 5’. Uma análise interessante 
revelou que os tRFs podem clivar seus alvos em múltiplos locais em comparação 
com miRNAs que tem locais de ligação únicos (Wang et al. 2016b). No entanto, 
usando dados de PARE-seq, os tRFs identificados a partir de pólen possuem um 
sítio específico de clivagem como o que acontece nos miRNAs (Martinez et al. 
2017). Estudos recentes utilizando a análise da composição de nucleotídeos 
através dos sítios de clivagem revelaram um enriquecimento de uracilas em todo 
o local de clivagem para 5’ e 3’tRFs (Wang et al. 2016b). Apesar, das 
controvérsias ainda presentes, a conservação do local da clivagem fornece 
suporte de que a origem desses tRFs não é uma digestão exonucleolítica 
aleatória dos precursores de tRNAs (Alves et al. 2017). 
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Muitos estudos indicam que os tRFs estão envolvidos na inibição da 
tradução das proteínas e na repressão transcricional dos seus genes alvos. Na 
arqueobacteria Haloferax volcanii, um 5’tRF específico de 26 nt se une com a 
subunidade menor do RNA ribossomal reduzindo a sínteses das proteínas e 
interferindo na atividade da peptidil transferase (Gebetsberger et al. 2012). Nos 
humanos, o processo está amplamente estudado e é demonstrado a interação 
com outros sRNAs como miRNAs e pequenos RNAs de interferência (Sobala 
and Hutvagner 2013). Já nas plantas o cenário é um pouco diferente tendo 
poucos trabalhos que indiquem o papel dos tRFs. Em Cucurbita maxima, tRFs 
específicos de floema foram detectados por Northern blot e demonstrou-se que 
interferem com a atividade ribosomal e reprimem a tradução (Zhang et al. 2009). 
Em O. sativa, trabalhando com calos embrionários, reportou-se pela primeira vez 
a identificação de tRFs entre 20-22 nt em bibliotecas de sRNAs de meristema e 
a regulação diferencial de 5’tRF AlaAGC e ProCGG em calos e folhas (Chen et 
al. 2011), o que seria confirmado por trabalhos recentes em A. thaliana 
abordando o tema da existência de tRFs tecido-específicos (Alves et al. 2017). 
Recentemente, foi identificado uma acumulação de tRFs em pólen que regulam 
a estabilidade genômica através da interação com transposons em A. thaliana 
(Martinez et al. 2017).  
1.5. Os sncRNAs na regulação do estresse 
a) miRNAs 
Existem muitos estudos que demonstram o padrão de expressão 
aberrante dos miRNAs sob diferentes tipos de estresse como a salinidade (Xie 
et al. 2015), deficiência de nutrientes (Liang et al. 2012), radiação UV-B (Wang 
et al. 2013), calor (Goswami et al. 2014) e estresse por metais pesados (Gupta 
et al. 2014). Porém, o foco será em seca por ser o estresse testado 
experimentalmente no nosso trabalho com miRNAs e devido à grande 
quantidade de estudos de miRNAs em diferentes tipos de estresse. Nesse 
sentido, existem vários estudos demonstrando a variação na expressão de 
miRNAs durante as condições de déficit hídrico em espécies de plantas, como 
feijão de corda (Barrera-Figueroa et al. 2011), a soja (Kulcheski et al. 2011) ou 
trigo (Kantar et al. 2011) dentre outras. As respostas das plantas variam 
dependendo da espécie, do habitat ou da família a qual ela pertence, resultando 
26 
 
em diferentes padrões de expressão e acumulação de miRNAs. Entretanto, 
alguns dos miRNAs podem compartilhar o mesmo padrão de expressão. As 
diferenças podem ser identificadas pelos genótipos que existem dentro da 
mesma espécie, como o caso de soja que apresenta dois genótipos diferentes 
(sensíveis e tolerantes à seca) esperando um padrão diferente na expressão dos 
miRNAs. 
É importante destacar que alguns miRNAs compartilham o mesmo padrão 
de expressão; por exemplo, o miR474 que é regulado positivamente no milho e 
no trigo sob déficit de água ou o miR393 que também é regulado positivamente 
em condições de seca em Oryza, Arabidopsis, Medicago truncatula e Phaseolus 
vulgaris (Liu et al. 2008; Arenas-Huertero et al. 2009; Jian et al. 2010; Trindade 
et al. 2010). As abordagens de pesquisa usando genomas inteiros permitem 
identificar uma maior quantidade de miRNAs candidatos, como por exemplo, no 
caso de arroz onde foram identificados 30 famílias de miRNAs, 16 delas sendo 
negativamente regulados (miR156, miR159, miR168, miR170, miR171, miR172, 
miR319, miR396, miR397, miR408, miR529, miR896, miR1030, miR1035, 
miR1050, miR1088 e miR1126) e 14 famílias sendo regulados positivamente 
(miR159, miR169, miR171, miR319, miR395, miR474, miR845, miR851, 
miR854, miR896, miR901, miR903, miR1026 e miR1125) sob o estresse por 
seca; surpreendentemente 9 miRNAs (miR156, miR168, miR170, miR171, 
miR172, miR319, miR396, miR397, e miR408) apresentaram padrões de 
expressão opostos aos descritos anteriormente em Arabidopsis (Zhou et al. 
2010). 
b) tRFs 
Embora tenham sido descobertos somente na última década, existem 
vários estudos que falam do potencial papel dos tRFs sob estresse abiótico e 
biótico. Num dos primeiros trabalhos, foi demonstrado que o 5’tRF GlyTCC é 
regulado positivamente nas raízes de A. thaliana em condições de deficiência de 
fósforo. Assim, esse estudo revelou a expressão espaço temporal dos tRFs e 
seu possível envolvimento na resposta ao estresse. No mesmo trabalho quando 
a origem desses RNAs foi analisada, não foi encontrada correlação dos tRFs 
com modificações no uso de códons na planta (Hsieh et al. 2009).  
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As novas tecnologias de sequenciamento também forneceram evidências 
de um novo subconjunto de pequenos RNAs derivados do genoma do 
cloroplasto (csRNAs) analisados em repolho chinês. Esses csRNAs incluem 
aqueles que são derivados de tRNAs. Wang et al. descobriu que a maioria destes 
últimos ancoravam na extremidade 5’ da molécula. Embora eles tenham 
apresentado apenas uma pequena redução em sua abundância em plântulas 
expostas ao calor, com relação ao comprimento verificou-se uma alteração em 
resposta ao estresse térmico. Portanto, eles poderiam desempenhar um papel 
semelhante as metades de tRNAs previamente identificadas alteradas em 
diferentes condições de estresse (Wang et al. 2011b). 
Um perfil de expressão completo foi estudado em Hordeum vulgare em 
condições de deficiência de fósforo. Hackenberg et al., usando sequenciamento 
de nova geração, demonstrou que 56 dos 61 tRNAs geraram tRFs tanto na 
condição de estresse quanto no controle. Seis deles foram regulados 
positivamente enquanto que quatro deles foram regulados negativamente nas 
plântulas com deficiência de fósforo. Também foram identificados os 5’tRF 
GlyTCC e 5’tRF AlaAGC como os mais abundantes. Este estudo reforçou a ideia 
que o fosforo tem um forte impacto no processamento dos tRNAs (Hackenberg 
et al. 2013).  
Em 2013, Loss-Morais et al. analisou todos os dados de sequenciamento 
que existiam na época em A. thaliana. O objetivo foi caracterizar os tRFs, 
analisar seus padrões de acumulação sob estresses abióticos (seca, frio e sal) 
e bióticos (com Pseudomona syringae), e sua associação com proteínas AGOs. 
Foram examinadas 34 bibliotecas de sRNAs, incluindo 25 bibliotecas 
imunoprecipitadas com anti-AGOs, e foi possível encontrar tRFs tanto em 
bibliotecas com AGO1 quanto AGO2, 4 e 7. Os 5’tRFs e 3'tRFs foram associados 
com AGOs, obtendo os mesmos resultados que os encontrados em mamíferos 
(Haussecker et al. 2010). Curiosamente, também foi possível detectar-se os i-
tRFs, mas os mais abundantes e mais diversos foram os 5’tRFs (Loss-Morais et 
al. 2013). 
O potencial papel da clivagem dos tRNAs como mecanismo de defesa ao 
estresse térmico em poliplóides como Triticum aestivum foi demonstrado por 
Wang et al. 2016. Neste estudo observou-se um aumento na produção de 5’tRFs 
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nas plântulas expostas a altas temperaturas, sendo os 5’tRFs ValCAC, ThrUGU, 
TyrGUA e SerCGA os mais abundantes nestas condições e também no estresse 
osmótico (Wang et al. 2016b).  
Nas plantas, a imunidade associada aos patógenos é controlada através 
dos padrões moleculares associados a microrganismos ou patógenos (MAPS ou 
PAMPs), que sob infeção patogênica desencadeiam uma resposta de defesa 
através da ativação da síntese de genes de defesa. Asha e Soniya (2016) 
demonstraram que os tRFs estão envolvidos na regulação da expressão dos 
genes de defesa em resposta à infecção por Phytophthora capsici em pimenta 
preta (Piper nigrum L.). As análises revelaram a predominância de 5’ tRFs da 
pimenta nas folhas e nas raízes infectadas tendo como alvos os genes de defesa 
o que indicaria seu papel na resposta ao estresse. A clivagem do mRNA de uma 
proteína relacionada com a patogênese (NPR1) indicada como alvo do 
5′AlaCGC tRF foi testada e apresentou uma diminuição na sua expressão. Isso 
prova o papel dos tRFs neste tipo de infeção (Asha and Soniya 2016).   
Além de demonstrar que os tRFs tem expressão espaço temporal nas 
plantas, analisando A. thaliana, P. patents e O. sativa, Alves et al. (2017) avaliou 
o padrão de expressão dos tRFs em condições de estresse oxidativo. Foi 
confirmada a predominância dos 5’tRFs sob estas condições e identificaram os 
5’tRF ArgTCG e 3’tRF TryGTA como os mais abundantes (Alves et al. 2017).   
Ambos tipos de sncRNAs com função reguladora em situações de 
estresse ainda não foram analisados na família Myrtaceae. Apesar da existência 
de estudos de identificação de miRNAs em E. uniflora (Guzman et al. 2012) e 
em E. grandis (Wang et al. 2011a; Levy et al. 2014; Pappas et al. 2015), eles não 
foram avaliados sob condições de estresse. No caso dos tRFs, não há nenhum 






Identificar e caracterizar pequenos RNAs não codificantes e genes codificantes 
envolvidos no estresse abiótico (salinidade e seca) em Eugenia uniflora L. 
(Myrtaceae). 
Objetivos específicos 
• Identificar miRNAs novos e conservados usando o primeiro rascunho do 
genoma de E. uniflora; 
• Caracterizar o padrão de expressão dos miRNAs conservados em 
pitangas crescidas em restinga e sob condições de déficit hídrico 
induzidas por PEG;  
• Caracterizar o padrão de expressão dos miRNAs novos, assim como de 
seus alvos, em diferentes tecidos de E. uniflora; 
• Identificar tRFs conservados em Myrtaceae usando bibliotecas de 
pequenos RNAs em E. uniflora e E. grandis; 
• Caracterizar o padrão de expressão desses tRFs, assim como de seus 
alvos potenciais, sob condições de seca (PEG) e salino (NaCl) induzidos 













3. DISCUSSÃO E CONSIDERAÇÕES FINAIS  
E. uniflora, a espécie de estudo neste trabalho, é categorizada como uma 
planta tolerante ao estresse abiótico devido à capacidade de sobreviver em 
ambientes contrastantes da Floresta Atlântica. Um dos habitats dela são os 
ambientes de restinga distribuídos por toda a costa do Brasil que têm 
características de alta salinidade, alta radiação solar, oligotrofia do solo e baixa 
disponibilidade de água (Scarano 2002). Uma das muitas estratégias que a 
pitanga poderia estar usando para regular seu metabolismo e assim conseguir 
se adaptar a esses ambientes seria pela produção de sncRNAs. Nos últimos 
anos, eles têm sido estudados e indicados como responsáveis pelos 
mecanismos de regulação envolvidos no desenvolvimento, morfologia e vias de 
transdução de sinais, assim como nas respostas das plantas ao estresse. Nesse 
sentido, as moléculas mais conhecidas e amplamente estudadas são os 
miRNAs. Estes sncRNAs tem um papel fundamental no crescimento, 
desenvolvimento e na tolerância da planta ao estresse. Além dos miRNAs e 
como consequência das análises de bibliotecas de pequenos RNAs (sRNAs) 
geradas por tecnologias de nova geração, há alguns anos tem se reportado a 
existência de sncRNAs derivados da clivagem dos RNAs transportadores 
denominados tRFs. Eles estão envolvidos principalmente em estresse. Ambos 
tipos de sncRNAs tem uma função de regulação pos-transcricional inibindo a 
tradução de seus genes alvos (Bartel 2004; Keam and Hutvagner 2015).  
Neste contexto, o presente trabalho propõe aos miRNAs e tRFs como 
agentes de regulação envolvidos na tolerância ao estresse presente 
naturalmente em E. uniflora e busca contribuir com um melhor entendimento da 
fisiologia desta espécie a nível gênico. O trabalho foi dividido em dois artigos: (i) 
o primeiro focou-se na identificação de miRNAs novos e conservados usando o 
primeiro rascunho do genoma de E. uniflora, e a avaliação da expressão deles 
nos tecidos da planta assim como em condições naturais de estresse (em 
restinga) e seca induzida (ii) o segundo artigo buscou identificar e caracterizar 
os tRFs conservados entre E. uniflora e E. grandis para depois avaliar a 
expressão deles e seus alvos em condições de seca e salinidade.   
No primeiro artigo, conseguiu-se identificar 38 miRNAs conservados e 28 
novos miRNAs usando o primeiro rascunho do genoma de E. uniflora e as 
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bibliotecas de sRNAs. Os dados de sequenciamento de nova geração permitiram 
identificar miRNAs expressos em baixas quantidades com alta sensibilidade e 
em larga escala (Ma et al. 2015). O número de miRNAs identificados poderia ter 
sido maior, mas foi reduzido devido a utilização de parâmetros mais estringentes 
e rigorosos, conforme recomendados na literatura (Meyers et al. 2008). Apesar 
do número de candidatos a miRNAs identificados terem sido consideravelmente 
maiores àqueles obtidos previamente por Guzman et al. (2012), foi possível 
encontrar alguns miRNAs compartilhados por ambas abordagens.   
Os miRNAs são importantes reguladores de processos metabólicos, 
participando na regulação de genes de resposta ao estresse. Nesse sentido, o 
padrão de expressão de miRNAs conservados foi avaliado em duas condições 
de estresse diferentes. A primeira foram amostras de folhas de plantas adultas 
coletadas em seus habitats nativos de restinga (Praia Seca no Rio de Janeiro). 
Neste ambiente as pitangueiras estão distribuídas em “patches” de vários 
tamanhos separadas por areia (Pimentel et al. 2007) e sujeitas a diferentes tipos 
de estresse presentes em muitas restingas, como previamente mencionado. Das 
11 famílias de miRNAs avaliados, sete delas mostraram um padrão diferente de 
expressão dependendo do momento do dia. Ao meio-dia, só o miR170 mostrou 
um padrão de regulação positiva, enquanto os demais foram regulados 
negativamente. Também foi avaliada a expressão desses miRNAs, que 
potencialmente estariam ajudando a pitanga na tolerância ao estresse, em 
condições laboratoriais nas quais as plantas estariam sendo submetidas a 
somente um tipo de estresse. Portanto, a segunda condição foi submeter as 
plantas a condições controladas de seca ou défice hídrico e osmótico induzido 
por PEG e coletar as folhas para a posterior análise por RT-qPCR. Nas análises 
de expressão, observou-se que cinco miRNAs mostraram expressão diferencial, 
dos quais quatro deles (miR166, miR170, miR172 e miR396) também foram 
diferencialmente expressos em amostras coletadas diretamente na restinga. 
Todos esses miRNAs foram previamente reportados em outras espécies, como 
por exemplo o miR166 e miR396 que mostraram uma regulação negativa em O. 
sativa e num cultivar de soja tolerante sob condições de seca (Zhou et al. 2010; 
Kulcheski et al. 2011). O miR170 também foi descrito como um miRNA induzido 
por seca, em estudo de genoma completo de O. sativa (Zahid et al. 2016). Já o 
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miR172 foi descrito em A. thaliana como aumentando a tolerância ao estresse 
hídrico e tolerância a salinidade (Li et al. 2016).      
Os miRNAs também estão envolvidos em processos metabólicos e de 
desenvolvimento das plantas (Li and Zhang 2016). Portanto, o conhecimento do 
conjunto completo de miRNAs de uma espécie é importante para entender os 
mecanismos complexos de regulação que acontecem nela. Assim, os novos 
miRNAs foram testados em diferentes tecidos de pitanga. Dos 20 miRNAs 
testados, 14 mostraram padrões diferenciais de expressão, sendo eun-
miR10216-5p, eun-nMIR002-5p, eun-nMIR005-3p, eun-nMIR006-5p e eun-
nMIR012-3p candidatos a serem específicos de pétala; eun-nMIR011-5p e eun-
nMIR013-5p específicos de raiz e eun-miR10218-5p e eun-nMIR001-5p como 
específicos de folhas. O padrão tecido-especifico dos miRNAs tem sido 
amplamente descrito para sncRNAs (Pappas et al. 2015). Os alvos preditos 
destes miRNAs foram categorizados com sucesso em processos biológicos e 
funções moleculares por análises de Ontologia usando o Blast2Go. Entre os 
mRNA alvos, à exceção dos que codificam fatores de transcrição, foram 
encontrados genes com as mais variadas funções como metiltransferases, 
cinases ou hidrolases. Estas observações são similares a outros trabalhos que 
identificam alvos pouco conservados de novos miRNAs (Jeong et al. 2011; 
Hwang et al. 2013). Alguns deles foram avaliados nos diferentes tecidos e 
mostraram o padrão de expressão oposto ao dos miRNAs indicando uma 
inibição pós-transcricional destes genes.    
Os resultados obtidos neste trabalho sugerem que os miRNAs tem 
relação com o desenvolvimento de E. uniflora, possivelmente controlando a 
formação das folhas, mudando a arquitetura de folhas em pétalas, atuando em 
resposta ao estresse ou participando de outras vias de sinalização. Porém, para 
obter-se uma melhor informação sobre a interação do miRNA com seu alvo, o 
sequenciamento do degradoma de diferentes tecidos poderia ser uma alternativa 
para completar nossa compreensão sobre o papel dos miRNAs e seus alvos. 
No segundo artigo, decidimos expandir a pesquisa para os fragmentos 
derivados de RNA transportador (tRFs) com a finalidade de tentar completar o 
cenário de regulação por sncRNAs nas pitangas. Os tRFs tem sido descritos na 
resposta ao estresse biótico (Asha and Soniya 2016) e abiótico (Hsieh et al. 
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2009; Hackenberg et al. 2013; Loss-Morais et al. 2013; Alves et al. 2017). Com 
essa finalidade, os tRNAs da pitanga (410 tRNAs) foram anotados usando a 
mesma versão do genoma usado nos miRNAs e decidimos nos focar nos 43 
tRNAs ortólogos com E. grandis. Assim foi possível identificar 469 tRFs em E. 
uniflora contra os 273 tRFs em E. grandis. Os tRFs foram caracterizados 
segundo a abundância, observando-se uma predominância de 5’tRFs de 18 nt 
para E. uniflora e de 24 nt para E. grandis, corroborando a predominância de 
mapeamento de sncRNAs na extremidade 5’ do tRNA e a variabilidade no 
comprimento deles que parece ser dependente da espécie (Kumar et al. 2014; 
Alves et al. 2017), também foi caracterizado a preferência de nucleotídeos no 
sítio de clivagem e observado um padrão de abundância de timinas nos 5’tRFs 
ausente nos 3’tRFs. Todas essas características indicam que essas sequências 
não são simples produtos de degradação e sim sncRNAs específicos e 
fortemente regulados.    
Tendo em mente que a seca e a salinidade são os dois tipos de estresses 
abióticos que mais influenciam a produção das culturas e a qualidade das 
sementes; e além disso porque pitanga cresce em condições ambientais 
parecidas, decidimos avaliar os tRFs em seca e salinidade. A seca foi induzida 
pelo PEG800 por períodos longos de estresses de 48 horas e uma semana, 
enquanto que o cloreto de sódio (NaCl) na concentração de 200 mM serviu para 
simular condições de estresse salino por períodos mais curtos de quatro horas 
e 48 horas. Assim foram avaliados 11 tRFs conservados em E. uniflora e em E. 
grandis mas que se diferenciavam na abundância. Os resultados do RT-qPCR 
mostraram que seis deles variam significativamente em algum momento tanto 
para salinidade como para seca. Identificamos alguns tRFs específicos de um 
tipo estresse como o 5’tRF AlaTGC de salinidade e o 5’tRF SerCGA de seca.  
O passo seguinte foi avaliar os alvos potenciais destes tRFs. Para isso, 
foram escolhidos aqueles tRFs com padrão similar de expressão em ambos 
estresses (5’tRF ArgTCG e 5’tRF GlyTCC) e com padrão oposto como o 5’tRF 
GlyCCC. Os alvos foram previamente identificados in silico como fatores de 
transcrição, envolvidos em condições de crescimento e em estresse. Depois da 
análise do padrão de expressão em ambos estresses, mRNAs indicados como 
alvos mostraram inibição na expressão deles devido ao processo de inibição 
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pós-transcricional. Genes como F-box/LRR repeat domain, DEAD-box (fatores 
de transcrição), transportadores de magnésio, helicases, metaloproteases ou 
proteínas envolvidas em modificações epigenéticas como demetilases e 
methiltransferases foram preditos. Todos eles foram previamente identificados 
em outras espécies sob estresse abiótico embora não tenham exatamente o 
mesmo padrão de expressão (Moreno et al. 2005; Gupta et al. 2015; 
Shchennikova et al. 2016). Isso pode ser explicado porque a reposta da planta 
ao estresse muitas vezes depende da espécie, o tecido onde acontece o 
estresse e a duração dele, tornando esse processo muito mais complexo 
(Chaves et al. 2009). Embora alguns processos celulares e metabólicos 
observados durante a seca e a salinidade são semelhantes, existem muitos 
genes e rotas metabólicas que discriminam essas duas condições de estresse 
(Bartels and Sunkar 2005). Isso estaria explicando porque não foram achadas 
diferenças significativas nos alvos do 5’tRF GlyCCC em salinidade.  
Esses resultados, tanto os obtidos com os miRNAs como com os tRFs, 
podem servir para futuros trabalhos que integrem proteômica e metabolômica 
com a finalidade de obter uma melhor compreensão das sofisticadas e finamente 
reguladas redes moleculares que envolvem a tolerância a seca e salinidade 
presente em E. uniflora. Nesse sentido são necessários mais estudos para obter 
um maior conhecimento sobre os genes e proteínas que são seletivamente 
regulados na resposta ao estresse. Porém, a participação de sncRNAs como 
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Abstract Eugenia uniflora is a plant native to tropical
America that holds great ecological and economic impor-
tance. The complete chloroplast (cp) genome sequence of
Eugenia uniflora, a member of the Neotropical Myrtaceae
family, is reported here. The genome is 158,445 bp in
length and exhibits a typical quadripartite structure of the
large (LSC, 87,459 bp) and small (SSC, 18,318 bp) single-
copy regions, separated by a pair of inverted repeats (IRs,
26,334 bp). It contains 111 unique genes, including 77
protein-coding genes, 30 tRNAs and 4 rRNAs. The genome
structure, gene order, GC content and codon usage are
similar to the typical angiosperm cp genomes. Comparison
of the entire cp genomes of E. uniflora L. and three other
Myrtaceae revealed an expansion of 43 bp in the intergenic
spacer located between the IRA/large single-copy (LSC)
border and the first gene of LSC region. Simple sequence
repeat (SSR) analysis revealed that most SSRs are AT rich,
which contribute to the overall AT richness of the cp
genome. Additionally, fewer SSRs are distributed in the
protein-coding sequences compared to the noncoding
regions. Phylogenetic analysis among 58 species based on
57 cp genes demonstrated a closer relationship between E.
uniflora L. and Syzygium cumini (L). Skeels compared to
the Eucalyptus clade in the Myrtaceae family. The com-
plete cp genome sequence of E. uniflora reported here has
importance for population genetics, as well as phylogenetic
and evolutionary studies in this species and other Myr-
taceae species from Neotropical regions.
Keywords cpDNA  Fruit tree  Genome sequencing 
NGS  Pitanga  Plant evolution
Introduction
Chloroplasts are multifunctional organelles, which possess
their own genetic material and are believed to have origi-
nated from ancient endosymbiotic cyanobacteria (Ravi
et al. 2008). The chloroplast (cp) genome in angiosperms
usually varies between 115 and 165 kb in size and main-
tains highly conserved organization in most land plants.
The lack of recombination, low rates of nucleotide sub-
stitutions (Wolfe et al. 1987) and primarily uniparental
inheritance make plant cpDNA a valuable genetic source
for phylogenetic relationship studies (Bayly et al. 2013).
Sequence data from the plastid genome have transformed
plant systematics and contributed greatly to unravel deep-
level evolutionary relationships of taxonomically unre-
solved plant taxa (Jansen et al. 2007; Moore et al. 2010;
Ruhfel et al. 2014).
The Myrtaceae (Myrtle, Eucalyptus, clove or guava
family) is the eighth largest flowering plant family, and it is
dominant among several vegetation types in South Amer-
ica through a variety of ecotypes (Pennington et al. 2009).
Eugenia is the largest genus of Neotropical Myrtaceae
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family, encompassing about 5600 species, two-thirds of
which are present in Brazilian ecosystems (Govaerts et al.
2015). Eugenia can be distinguished from the other genera
of tribe Myrteae DC. by the generally 4-merous flowers,
which have free calyx lobes that are separate in the flower
bud, a non-tubular hypanthium that usually not extend
beyond the tip of the bilocular multiovulate ovary, and
finally by their embryo with cotyledons fused in a solid
homogeneous mass (Mazine et al. 2014).
Eugenia uniflora L. is a fruit tree native to South
America that serves as a good model for ecological
studies because it grows in several different vegetation
types, including forests, restingas, and arid and semiarid
environments in the Brazilian northeast. This species is
very versatile in terms of adaptability and plays a fun-
damental role in the maintenance of the shrubby coastal
vegetation. Ecologically, it is an important food source
for a variety of birds and mammals, and it can survive in
disturbed sites within restinga habitats, especially near
the beach (Almeida et al. 2012). Besides its ecologic
importance, E. uniflora L. produces edible cherry-like
fruits characterized by a low lipid and caloric content
and by high amounts of polyphenols, carotenoids, and
other antioxidant compounds (Spada et al. 2008) being
traditionally used in folk medicine as antipyretic, stom-
achic, hypoglycemic, and to lower blood pressure (Lim
2012).
Despite the importance of the family, the phyloge-
netic relationships and delimitation of some genera are
still debatable, especially in the fleshy fruit members.
Many studies have provided insights into Myrtaceae
phylogeny using nuclear ribosomal DNA and cp markers
(Wilson et al. 2005; Lucas et al. 2007; Biffin et al. 2010;
Thornhill et al. 2015; Berger et al. 2016). Although it
has been recently published a phylogenetic work based
on complete cp genome sequences from Myrteae tribe
(Machado et al. 2017), most of these studies have been
performed mainly on Eucalyptus and related genera
(Steane 2005; Asif et al. 2013; Bayly et al. 2013;
Reginato et al. 2016). Therefore, the availability of
complete cp genomes exhibiting new variable and
informative regions would help to reconstruct a more
accurate phylogeny.
In this study, we present the cp genome of the fleshy
fruit, Eugenia uniflora, obtained from whole genome
sequencing and de novo assembly. This represents a solid
resource for phylogenetic studies in the Myrtaceae family.
We analyzed the genome features of E. uniflora and
compared them with cp genomes from other Myrtaceae
tribes. In addition, we performed a phylogenomic approach
using 57 cp genes to reconstruct the phylogeny of Malvi-
dae/Eurosid II group, which includes the Myrtales order.
Materials and methods
Plant material
Young leaves from Eugenia uniflora tree were collected
from Porto Alegre, RS, Brazil (latitude (S): 30402.7100;
longitude (W): 517011.8800). Voucher specimen was
deposited at the Herbário do Instituto de Ciências Naturais
(ICN 193277).
DNA sequencing and genome assembly
Total DNA was extracted from 1 g of fresh leaves using a
CTAB method (Doyle and Doyle 1990). DNA quality was
evaluated by electrophoresis on a 1% agarose gel, and
quantification was determined using a NanoDrop spec-
trophotometer (NanoDrop Technologies, Wilmington, DE,
USA).
Total DNA (10 lg) was sent to Fasteris SA (Plan-les-
Ouates, Switzerland) for processing. One genomic paired-
end library of 100-nt-long reads was generated using Illu-
mina HiSeq 2000 platform (Illumina Inc., San Diego, CA,
USA). To filter reads from the cp genome, the obtained
paired-end sequence reads were aligned using Bowtie
(Langmead 2010), against Arabidopsis thaliana Schur.,
Glycine max Merr., and 40 other Myrtaceae cp genomes
(Online Resource 1) with a maximum of two mismatches
per read. The filtered reads were assembled with ABYSS
software (Simpson et al. 2009). The cp genome scaffolds
were orientated by BLAST using the cp genome sequences
of Eucalyptus globulus Labill and Eucalyptus grandis
W.Hill as reference genomes (Altschul et al. 1990). Gap
regions were filled in after Sanger sequencing using pri-
mers F: CATCCGCCAGGAGAGTTTAT, R: AAAGGG
CCCTGCTATGAAAA and F: TCGGGTTGTGAGACAC
ATTC, R: AACCCGCGTCTTCTCCTT. PCR was carried
out in total volume of 20 ll containing 10 ng of DNA, 19
PCR buffer, 1.5 mM MgCl2, 0.25 mM dNTP mix, 0.05 U
of Platinum Taq DNA polymerase and 0.5 lM each of
forward and reverse primers. The PCR cycle had an initial
hot-start step at 94 C for 5 min, followed by 35 cycles of
94 C for 45 s, 60 C for 1 min, 72 C for 2 min and a
final extension step at 72 C for 5 min. Sanger sequencing
reactions were performed using BigDye Terminator v3.1
Cycle sequencing kit and were resolved on ABI 3700 DNA
Analyzer.
Genome analysis, codon usage, and repeat structure
Coding sequences (cds), rRNA, and tRNA were annotated
using the automatic annotator DOGMA (Dual Organellar
GenoME Annotator) (Wyman et al. 2004), verified using
1200 M. Eguiluz et al.
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BLAST searches against other plant cp genomes, and
finally manually curated. tRNA genes were confirmed by
comparison with the appropriate homologs in Eucalyptus
globulus Labill cp genome and folding-verified with the
tRNA scan-SE online program (http://lowelab.ucsc.edu/
tRNAscan-SE). The codon usage frequency was analyzed
by using MEGA (Tamura et al. 2007). A circular map of
the genome was designed using the online OGDRAW
program (Lohse et al. 2013). Whole chloroplast gene dis-
tribution was performed and visualized between E. glob-
ulus and Syzygium cumini (L.) Skeels. with mVISTA
software using E. uniflora as the reference genome (Frazer
et al. 2004).
The positions and type of simple sequence repeats
(SSRs) were detected using MISA (http://pgrc.ipk-gate
rsleben.de/misa/), with thresholds of eight repeat units for
mononucleotide SSRs, four repeat units for di- and trinu-
cleotide SSRs, and three repeat units for tetra-, penta- and
hexanucleotide SSRs. All of the repeats found were man-
ually verified, and redundant results were removed. Tan-
dem repeats were analyzed using Tandem Repeats Finder
(TRF) v4.07b (Benson 1999) with the prior mentioned
parameter settings. REPuter was used to identify and locate
direct and inverted repeats in the cp genome of E. uniflora
(Kurtz et al. 2001). The minimal repeat size was set to
30 bp, and the identity of repeats was no less than 90%
(hamming distance equal to 3).
Phylogenetic analysis
Fifty-seven common cp protein-coding genes (PCGs)
(Online Resource 2) were used to infer the phylogenetic
relationships among 58 species belonging to the Malvids
(Eurosids II) group available in GenBank (Online
Resource 3). Vitis vinifera L. was set as out-group.
Nucleotide sequences were aligned by MUSCLE avail-
able in MEGA version 6.0 (Tamura et al. 2007). Phy-
logenetic trees were generated by the maximum
likelihood (ML) method, using the GTR?I?G nucleo-
tide substitution determined by Modeltest ver. 3.7
(Posada and Crandall 1998), using RAxML v8.2.4
(Stamatakis 2014). The stability of each tree node was
tested by bootstrap analysis with 1000 replicates.
Bayesian analysis on the same dataset was also per-
formed using MrBayes version 3.1.2 (Ronquist and
Huelsenbeck 2003). We used the same evolutionary
model with 5,000,000 generations sampled every 100
generations. The first 25% of trees were discarded as
burn-into produce a consensus phylogram, with posterior
probability (PP) values for each node. The phylogenetic




Reads from Illumina sequencing of the Eugenia uniflora
nuclear genome were used to assemble the cp genome. The
total reads (75,127,218) were filtered and assembled de
novo into non-redundant contigs and singletons joined into
10 scaffolds. This first draft of the cp genome resulted in
mapped reads covering about 99.9% of the genome (cov-
erage 10,938 reads, minimum coverage = 757 reads,
maximum coverage = 26 327 reads).
After running BLAST with Eucalyptus genomes, the
cp genome sequences resulted in two large scaffolds
whose ends were finally closed using PCR and Sanger
sequencing. The four junctions between IRs and SSC/LSC
were determined by aligning the E. uniflora cp genome
versus E. globulus and Syzygium cumini genomes. The
final cp genome was then submitted to GenBank (acces-
sion number NC_027744).
The overall structure and general features
of the Eugenia uniflora cp genome
The complete length of the Eugenia cp genome is
158,445 bp, and it includes the canonical quadripartite
structure consisting of one LSC (87,459 bp), one SSC
(18,318 bp) and a pair of IRs (26,334 bp) (Fig. 1). Coding
regions (92,848 bp; 58.93%) account for over half of the cp
genome, with the peptide-coding regions forming the lar-
gest group (81,462 bp; 51.41%), followed by ribosomal
RNA genes (9050 bp; 5.71%) and transfer RNA genes
(2863 bp; 1.81%). The remaining 41.07% is covered by
intergenic regions, introns or pseudogenes (Table 1). The
average total AT content is 63% with the IRs having lowest
amount (57.2%). A total of 111 different genes, including
30 tRNAs, 4 rRNAs and 77 predicted protein-coding genes,
were annotated (Table 2). Among these, seven tRNAs, four
rRNAs and six protein-coding genes (ycf15, rps7, ndhB,
ycf2, rpl23, rpl2) were present in duplicate in the IR
regions. Three pseudogenes, ycf1, ycf15 and infA, were
identified and located in the boundary IRb/SSC, IRb and
LSC region, respectively. In the Eugenia cp genome, there
are 18 gene containing introns, the majority of them (12
genes) are located in the LSC region (four tRNAs and eight
protein-coding genes) and the rest are distributed in IRs
(two tRNA and three protein-coding genes) and SSC (1
protein-coding gene) region (Table 3). Most of the genes
have only one intron, but clpP and ycf3 have two introns
each. The trnK(UUU) gene has the largest intron (2530 bp)
containing within it the matK gene. The rps12 gene
sequence is a trans-spliced gene with the 50end located in
The chloroplast genome sequence from Eugenia uniflora 1201
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the LSC region and the duplicated 30end in the IR regions.
Based on the sequences of protein-coding genes and tRNA
genes, the frequency of codon usage was deduced for the
cp genome and is summarized in Table 4. The codon usage
was biased toward a high representation of A and U at the
third codon position, as observed in most land plant cp
genes (Ravi et al. 2008).
Comparison of Eugenia uniflora to other Myrtaceae
cp genomes
The overall sequence alignment of E. globulus and S.
cumini cp genomes was compared using the annotation of
Eugenia uniflora as a reference. The same order of genes
was confirmed because order variations in cp genomes are
Fig. 1 Eugenia uniflora chloroplast genome map. The thick lines
indicate the extent of the inverted repeats (IRa and IRb), which
separate the genome into small and large single-copy regions. Genes
on the outside of the map are transcribed clockwise and those on the
inside of the map are transcribed counterclockwise. GC content is
shown. Gene function or identifiers are displayed by different colors
as it is indicated by inner legend
1202 M. Eguiluz et al.
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relatively uncommon. The two IRs from the three cp
genomes show high similarity in sequence (Fig. 2), on the
other hand, the most divergent regions were those localized
in the intergenic spacers in the noncoding genes. The
coding region sequences show a high level of conservation.
Slightly more sequence variation was observed between E.
uniflora and E. globulus cp genomes in the psaA, psaB and
ycf2 genes, compared with S. cumini.
IR contraction and expansion
In general, E. uniflora has the smallest cp genome com-
pared to E. globulus, E. grandis and S. cumini and shows
an expansion of the IR over the LSC region (Fig. 3). This
also explains the presence of pseudogenes in the border
regions, like ycf1 in which length variation depends upon if
the IR has extended into the SSC region. In the case of E.
uniflora, a shorter ycf1 pseudogene and a larger ndhF gene
cause a reduction in the intergenic sequence. This last gene
is relatively highly variable in the 30 region (Dong et al.
Table 1 Summary of the characteristics of Eugenia uniflora
chloroplast genome
Feature E. uniflora
Total cpDNA size (bp) 158,445
LSC size (bp) 87,459
SSC size (bp) 18,318
IR size (bp) 26,334
Protein-coding regions (%) 58.6%
rRNA and tRNA (%) 7.52%
Introns size (% total) 12.05%
Intergenic sequences and pseudogenes (%) 29.02%
Number of genes 131
Number of different protein-coding genes 77
Number of different tRNA genes 30
Number of different rRNA genes 4
Number of different duplicated genes 17
Pseudogenes 3
GC content 37%
Table 2 Genes present in Eugenia uniflora chloroplast genome





rpl2b,c, 14, 16b, 20, 22, 23c, 32, 33, 36
Small subunit of
ribosomal proteins
rps2, 3, 4, 7c, 8, 11, 12b-d, 14, 15, 16b, 18, 19
rRNA genes rrn4.5, 5, 16, 23
tRNA genes trnA(UGC)b,c, C(GCA), D(GUC), E(UUC), F(GAA), G(UCC)b,c, G(GCC), H(GUG), I(CAU)c, I(GAU)b,c, K(UUU)b,
L(UAG), L(CAA)c, L(UAA)b, M(CAU), fM(CAU), N(GUU)c, Q(UUG), R(ACG)c, R(UCU), S(GGA), S(GCU),
S(UGA), T(GGU), T(UGU), V(UAC)b, V(GAC)c, W(CCA), Y(GUA), P(UGG)
Photosynthesis Photosystem I psaA, B, C, I, J, ycf3a, ycf4
Photosystem II psbA, B, C, D, E, F, H, I, J, K, L, M, N, T, Z
NADH oxidoreductase ndhAb, Bb,c, C, D, E, F, G, H, I, J, K
Cytochrome b6/f
complex
petA, Bb, Db, G, L, N
ATP synthase atpA, B, E, Fb, H, I, L
Rubisco rbcL
















a Genes containing two introns
b Genes containing a single intron
c Genes with two copies
d Genes split into two independent transcription units
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2012). The intergenic spacer located between the IRA/LSC
border and the trnH gene of the LSC region established
differences between the cp genomes. This region is 43 bp
in E. uniflora, similar to that of S. cumini (55 bp), but
different from other dicots where it ranges in size of
2–12 bp (Shinozaki et al. 1986; Ibrahim et al. 2006).
Repeat structure and SSR analysis
For repeat structure analysis, eleven forward, one inverted,
and twelve tandem repeats were detected in the E. uniflora
cp genome (Table 5). Most of these repeats (67%) exhib-
ited lengths between 20 and 50 bp and were located in
intergenic spacers regions and introns. The coding regions
of psaA, psaB, ycf1 and ycf2 genes showed some repeated
sequences. Although the number of repeats was variable
respect to Syzygium and Eucalyptus, they were identified in
the same genes. Most of the repeated regions identified in
this work have already been compared in S. cumini,
Eugenia grandis, E. globulus, Nicotiana tabacum L.,
Gossypium barbadense L. and show a high degree of
conservation (Asif et al. 2013). It appears that dispersed
repeats are very common in angiosperm cp genomes, but
future comparative studies are needed to determine the
functional and evolutionary role of these repeats.
SSRs are repeated DNA sequences consisting of
direct tandem repeats of short (1–10 bp) nucleotide
motifs. In this study, a total of 215 SSR loci were
identified, most of them (76.25%) were A and T
mononucleotide repeats (Table 6) similar to other
Myrtaceae cp genomes (Asif et al. 2013). Most SSRs are
located in intergenic regions, but some were found in
ndhF, petA, ycf2, rpoC2, psaJ, psbB, ycf1, ccsA, ycf4
and rps19 coding genes (Table 6).
Phylogenetic analysis
In this study, the concatenated nucleotide sequences of 57
PCGs of 58 cp genomes of Malvidae group were used to
reconstruct the phylogenetic relationships by the ML and
Bayesian method. These 57 genes were present in all the cp
genomes so the problem of missing data from the sequence
alignment was minimized. The sequence alignment used
comprised 36,206 characters. The final alignment was
submitted and assigned as 21,047 in the TreeBASE data-
base (https://treebase.org/). ML analysis resulted in a single
tree with ln L = -249,032.011, and bootstrap values were
high with values[80% for 4 of 55 nodes, and 48 nodes
with 100% bootstrap (Online Resource 4). Although the
Bayesian and ML analyses showed similar topologies, the
posterior probabilities in the Bayesian analysis were better
than the bootstrap values in the ML (Fig. 4). Therefore,
only the Bayesian tree was chosen for discussing the
phylogenetic results.
There are congruence areas strongly supported by the
phylogeny (PP = 1.0) that include the monophyly of
Brassicales and their sister relationship to Malvales and
Sapindales and monophyly of Geraniales and Myrtales.
Our phylogenies placed Myrtales in a sister relationship to
Geraniales with solid support and resolution (PP = 0.95),
Table 3 Genes with introns in
the Eugenia uniflora chloroplast
genome and the length of the
exons and introns
Gene Location exon I (bp) intron I (bp) exon II (bp) intron II (bp) exon III (bp)
trnK(UUU) LSC 37 2568 35
rps16 LSC 39 867 204
trnG(UCC) LSC 23 755 49
atpF LSC 147 742 408
rpoC1 LSC 453 729 1614
ycf3 LSC 126 758 228 727 148
trnL(UAA) LSC 37 502 46
trnV(UAC) LSC 39 600 37
clpP LSC 69 866 291 619 223
petB LSC 6 771 639
petD LSC 9 752 471
rpl16 LSC 9 1000 396
rpl2 IR 390 664 432
ndhB IR 777 681 753
rps12 IR 210 567 27
trnI(GAU) IR 37 957 35
trnA(UGC) IR 38 803 35
ndhA SSC 549 1067 537
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despite the fact that this order still has a controversial
position in respect to other members of the Rosids
(Fig. 4).
In analyzing the Myrtales clade, we showed a closer
relationship between species from Melastomataceae and
Myrtaceae family than to Onagraceae family. Our phylo-
genetic tree clearly supports the monophyly of the three
Myrtoideae tribes: Myrteae, Eucalypteae and Syzygieae
(PP = 1.0). Additionally, we corroborated the paraphyly of
Corymbia in the Eucalypteae tribe and observed that the
latter has a closer relationship to Syzygieae than Myrteae
(Bayly et al. 2013). Eugenia uniflora is placed along with
Acca sellowiana (O.Berg) Burret as the diverging lineage,
and they have a closer relationship with S. cumini (Syzy-
gieae tribe) than to the Eucalypteae tribe.
Discussion
The cp genome of Eugenia uniflora was assembled de novo
from the Illumina NGS reads derived from the whole
genome. This approach, without prior purification of the
cpDNA, provides a new way to obtain the cp genome and
has been successful in several studies (Leseberg and Duvall
2009; Tangphatsornruang et al. 2010; Straub et al. 2011).
Our work serves as another example of this approach for
obtaining high coverage (99%) of the cp genome.
The E. uniflora cp genome has the typical quadripartite
structure (Fig. 1) and gene content with a size in range with
other Myrtaceae family members (Asif et al. 2013; Bayly
et al. 2013; Machado et al. 2017). Major differences among
angiosperm cp genomes are due to gene loss, inversions,
Table 4 Codon–anticodon
recognition pattern and codon
usage for the Eugenia uniflora
chloroplast genome
Codon Aminoacid Count RSCU trnA Codon Aminoacid Count RSCU trnA
UUU F 2308 1.19 trnF(GAA) UAU Y 1456 1.34 trnY(GUA)
UUC F 1587 0.81 UAC Y 715 0.66
UUA L 1080 1.19 trnL(UAA) UAA * 1225 1.21
UUG L 1160 1.28 trnL(CAA) UAG * 855 0.84
CUU L 1110 1.22 trnL(UAG) CAU H 967 1.4 trnH(GUG)
CUC L 717 0.79 CAC H 416 0.6
CUA L 848 0.94 CAA Q 1102 1.39 trnQ(UUG)
CUG L 526 0.58 CAG Q 478 0.61
AUU I 1888 1.21 trnI(GAU) AAU N 1819 1.39 trnN(GUU)
AUC I 1230 0.79 AAC N 795 0.61
AUA I 1565 1 trnI(CAU) AAA K 2172 1.32 trnK(UUU)
AUG M 958 1 trn(f)M(CAU) AAG K 1117 0.68
GUU V 839 1.36 trnV(GAC) GAU D 1025 1.41 trnD(GUC)
GUC V 437 0.71 GAC D 429 0.59
GUG V 446 1.22 GAA E 1379 1.38 trnE(UUC)
GUA V 754 0.72 trnV(UAC) GAG E 622 0.62
UCU S 1117 1.48 trnS(GGA) UGU C 667 1.2 trnC(GCA)
UCC S 855 1.13 UGC C 449 0.8
UCG S 602 0.8 UGA * 956 0.94
UCA S 861 1.14 trnS(UGA) UGG W 704 1 trnW(CCA)
CCU P 662 1.07 trnP(UGG) CGU R 321 0.6 trnR(ACG)
CCC P 564 0.92 CGC R 252 0.47 trnR(UCU)
CCA P 799 1.3 CGA R 577 1.08
CCG P 440 0.71 CGG R 363 0.68
ACU T 647 1.17 trnT(GGU) AGA R 1079 2.01
ACC T 549 0.99 AGG R 626 1.17
ACG T 362 0.65 AGU S 627 0.83 trnS(GCU)
ACA T 656 1.19 trnT(UGU) AGC S 471 0.62
GCU A 469 1.3 trnA(UGC) GGU G 510 0.95 trnG(GCC)
GCC A 329 0.91 GGC G 330 0.62
GCA A 420 1.16 GGG G 537 1
GCG A 225 0.62 GGA G 764 1.43 trnG(UCC)
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and expansion/contraction of inverted repeat regions. The
IR contraction and expansion events, the presence of many
stop codons in the coding sequence, or a probable partial
duplication are all reasons that could explain the presence
of pseudogenes in the cp genome. In our work, this is
represented in the ycf1, infA and ycf15 pseudogenes
(Fig. 1; Table 1). Some alternative codons were also
identified, ACG was used as an alternative initiation codon
in the psbL and ndhD genes and GUG was only found as a
start codon in the ycf15 pseudogene and rps19 gene. ACG
has been shown to convert to an AUG initiation site as
reported in N. tabacum (Sasaki 2003), and GUG codons
have been reported to be more efficient than ACG in
translation initiation (Rohde et al. 1994). Most cp genomes
are quite AT rich with (above 60%) unevenly distributed
AT contents, as well as conserved regions of lower AT
contents. The features of the E. uniflora cp genome are the
same, and of all the cp regions, the IRs have the lowest AT
content (57.2%) because of the presence of ribosomal
genes (Ravi et al. 2008). These values are congruent with
those reported in other Myrtaceae cp genomes (Asif et al.
2013; Bayly et al. 2013; Machado et al. 2017).
Chloroplast SSRs (cpSSRs) are generally short
mononucleotide tandem repeats that, when located in the
noncoding regions of the cp genome, commonly show
intraspecific variation in repeat number. CpSSRs can
exhibit high variation within the same species and thus are
considered valuable markers for population genetics
Fig. 2 Sequence identity plot comparing the chloroplast genome of
Eugenia uniflora to other Myrtaceae. Pairwise comparisons between E.
uniflora and E. globulus (top) and Syzygium cumini (bottom)
chloroplast genomes using mVISTA. The y-axis represents % identity
ranging from 50 to 100%. Coding, rRNA, tRNA and conserved
noncoding sequences (CNS) are shown as indicated by inner legend
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(Provan et al. 2001). In this work, we identified some SSRs
that can be utilized to increase our understanding of the
genetic structure of E. uniflora populations (Margis et al.
2002; Salgueiro et al. 2004; Ferreira-Ramos et al. 2008).
Understanding the effects of spatial isolation on the levels
of genetic diversity and gene flow is crucial to providing
recommendations for in situ and ex situ conservation of the
species. In addition, these SSR markers will also be useful
in future studies of other Myrtaceae species from the
Neotropics.
Although previous phylogenetic studies improved our
understanding of intergeneric relationships within the
Myrtales order, the relationship between fleshy-fruited and
dry-capsular clades remains unresolved. In this work, some
representative cp genomes from Melastomataceae, Ona-
graceae and Myrtaceae family were selected to build a
Malvidae metatree. We used species from the Malvidae
group because the order Myrtales belongs to this group and
there are several cp genomes available. To do this, 57
protein-coding genes for 13 taxa were analyzed using both
the ML and Bayesian methods. Both trees are congruent to
that presented in a recent study using 78 cp coding genes
from 30 angiosperm taxa (Ruhfel et al. 2014) and to that
using 72 complete cp genomes from Rosids (Su et al.
2014). Although our results clearly favor a closer rela-
tionship of Myrtales to the Geraniales clade, expanded
sampling of complete cp genome sequences of Rosids is
needed to resolve this issue, especially since limited taxon
sampling can lead to erroneous tree topologies (Leebens-
Mack et al. 2005).
Eugenia uniflora formed one monophyletic clade along
with A. sellowiana, another Myrtaceae from Neotropical
region, as previously reported by Machado et al. 2017
using complete cp genomes. These two species were more
closely related to Syzygium cumini than the Eucalypteae
tribe. The Syzygieae tribe has had a long association with
the predominantly New World Myrtaceous, mostly because
they showed a high similarity between their cp complete
Fig. 3 Comparison of border positions of LSC, SSC and IR among
Eugenia uniflora and related Myrtaceae family species. Boxes above
the main line indicate the predicted genes, while pseudogenes at the
borders are shown by W. Their length is displayed in the
corresponding regions. The figure is not scaled and just shows
relative changes at or near the IR-SC borders. Sc Syzygium cumini,
Egl E. globulus, Egr E. grandis
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genome sequences. Additionally, they have characteristics
in common such as fleshy large-seeded fruits, biotic dis-
persal, and they are both woody rainforest trees. These
results are in agreement with Biffin et al. (2010), who
concluded that Syzygieae and Myrteae show highly sig-
nificant positive variation in diversification rates associated
with both of these lineages relative to the overall evolu-
tionary radiation of Myrtaceae. Our phylogenetic tree also
confirmed the closer relationship between Melastomat-
aceae and Myrtaceae than to the Onagraceae family as
reported by previous analyses based on complete cpDNA
(Berger et al. 2016; Reginato et al. 2016). Our phylogenetic
analyses based on complete cp genomes further expand the
taxon sampling of entire genomes as we included one more
Neotropical Myrtaceae genome in a metatree analysis.
Conclusions
The Eugenia uniflora cp genome organization and gene
content are typical of most angiosperms and are similar to
that of Myrtaceae species. It features a relevant number of
simple sequence repeats, which could be further explored
for population studies within the Eugenia genus. Moreover,
these data increase the genetic and genomic resources
available in Myrtaceae by adding a new strategy of










15 55,610 T 55,625 (92) IGS (trnM(CAU)-atpE) LSC
15 130,810 T 130,825, 130,840 (93) ycf1 SSC, IRB
16 10,031 T 10,047 (92) intron (trnS(UCC)) LSC
16 87,134 T 87,150 (92) IGS (rpl22-rps19) LSC
17 102,403 T 102,420 (92) IGS (rps12-trnV(GAC)) IRA
18 66,388 T 66,406 (92) IGS (petA-psbJ) LSC
18 94,667 T 94,685, 94,703 (93) ycf2 IRA
20 6373 T 6393 (92) IGS (rps16-trnQ(UUG)) LSC
20 39,036 T 39,056 (92) IGS (psbZ-trnG(GCC)) LSC
20 70,664 T 70,684 (92) IGS (psaJ-rpl33) LSC
21 92,239 T 92,260, 92,281 (93) ycf2 IRA
31 92,238 F 92,259 (92) ycf2 IRA
31 45,820 F 102,036 (92) intron I (ycf3); IGS (rps12-trnV(GAC)) LSC, IRA
31 153,617 F 153,638 (92) ycf2 IRB
32 8762 F 38,011 (92) IGS (psbI-trnS(GCU), trnS(GCU);
IGS (psbC-trnS(UGA), trnS(UGA))
LSC
35 70,665 I 70,665 (92) IGS (psaJ-rpl33) LSC
39 46,761 F 102,014 (92) intron II (ycf3); IGS (rps12-trnV(GAC)) LSC, IRA
40 102,014 F 123,971 (92) rps12; intron (ndhA) IRA, SSC
41 41,804 F 44,028 (92) psaB; psaA LSC
42 46,758 F 123,968 (92) intron II (ycf3); intron ndhA LSC, SSC
45 94,666 F 94,684 (92) ycf2 IRA
45 151,175 F 151,193 (92) ycf2 IRB
50 38,352 T 38,402 (92) IGS (trnS(UGA)-psbZ) LSC
62 38,351 F 38,401 (92) IGS (trnS(UGA)-psbZ) LSC
a F Forward; I Inverted; T Tandem
b IGS intergenic spacer region
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A 8 31 1992; 4532; 6547; 6772; 8905; 9344; 14,290; 19,917; 23,570; 23,757; 39,529; 45,575; 45,600; 55,722; 62,539;
65,559 (petA); 68,727; 68,795; 72,516; 75,695; 81,223; 113,806 (ndhF); 114,538 (ndhF); 118,402; 120,673;
120,744; 131,958; 139,500; 143,496; 146,803; 158,425
9 22 17; 7940; 9048; 12,656; 13,443; 14,472; 31,941; 32,744; 32,817; 38,913; 47,458; 48,054; 57,737; 71,263; 71,766;
92,859 (ycf2); 116,745; 117,617; 118,856; 122,698; 126,805; 134,276
10 10 303; 4705; 4780; 8176; 47,420; 48,211; 48,271; 62,286; 74,562; 131,613
11 7 5678; 8732; 50,518; 75,032; 117,327; 124,318; 130,258
12 2 60,317; 84,317
13 1 8707; 74,079
15 1 14,765
19 1 32,343
T 8 33 4296; 5792; 8338; 18,391 (rpoC2); 29,269; 31,642; 37,906; 45,860; 69,550; 70,515 (psaJ); 70,892; 74,164; 76,564
(psbB); 78,464; 84,363; 85,593; 85,682; 87,473; 99,095; 102,402; 106,398; 117,953 (ccsA); 118,488 (ccsA);
119,042; 119,067; 119,739; 127,133; 127,935 (ycf1); 128,476 (ycf1); 130,326 (ycf1); 131,338 (ycf1); 131,455
(ycf1); 131,573 (ycf1)
9 22 141; 2481; 9565; 14,030; 19,668; 31,404; 34,703; 47,358; 49,898; 54,438; 62,923; 68,293; 74,663; 87,435 (rps19);
111,621; 117,239; 122,789; 124,393; 128,707; 130,023 (ycf1); 130,846 (ycf1); 153,038 (ycf2)
10 17 7863; 9093; 10,950; 15,525; 22,370 (rpoC1 - exon II); 27,435 (rpoB); 45,944 (ycf3 - intron I); 47,321 (ycf3 - intron
II); 54,299; 54,696; 57,631; 70,066; 72,927; 74,602; 75,767; 85,868; 86,670 (rpl22)
11 8 13,215; 17,551; 19,774 (rpoC2); 63,472 (ycf4); 66,969; 73,028; 73,341; 124,796
12 2 66,289; 73,896
13 1 70,607
14 2 15,692; 53,692 (ndhK)
15 1 83,775
20 1 51,433
C 8 2 39,678; 65,485 (petA)
AG 8 2 98,454 (ndhB - exon I); 136,156 (rrn23)
AT 8 15 1884; 10,527; 45,420; 58,748 (rbcL); 60,365; 60,817 (accD); 62,673; 65,199 (petA); 66,816; 70,297; 87,039
(rpl22); 124,099; 127,519; 148,203; 157,836
10 1 33,835
CA 8 1 3100
CT 8 3 31,961; 109,742 (rrn23); 147,444 (ndhB - exon II)
GA 8 4 38,017 (trnS(UGA); 58,932 (rbcL); 90,677 (ycf2); 92,880 (ycf2)
TA 8 5 7506; 88,061; 96,251 (ycf2); 97,694; 149,647 (ycf2)
TC 8 3 131,255 (ycf1); 153,018 (ycf2); 155,221 (ycf2)
10 1 64,285 (cemA)
AGA 12 1 139,167
CAG 12 1 1177 (psbA)
TTA 12 1 68,856
TTC 12 1 106,726
AATA 12 1 119,348 (ndhD)
AGAT 12 1 4894
ATAG 12 1 115,884 (ndhF)
ATTA 12 1 33,664
ATTT 12 1 11,090
CTTG 12 1 29,446
TAAG 12 1 46,202
TAAT 12 1 129,206 (ycf1)
TCTT 12 1 63,902
TTAT 12 1 78,171
TTTC 12 2 78,202; 85,555
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organelle genome assembly. The cp genome reported here
will enrich and help to resolve the phylogeny of the Rosids
subclass. In addition, studies of the Eugenia uniflora gen-
ome will also allow for discovery and interpretation of
functional elements encoded within those sequences, pro-
viding a basis for understanding key evolutionary changes
that correlate with the high diversification rate of Myrteae
tribe.
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Abstract
Plinia trunciflora is a Brazilian native fruit tree from the Myrtaceae family, also known as jaboticaba. This species has
great potential by its fruit production. Due to the high content of essential oils in their leaves and of anthocyanins in
the fruits, there is also an increasing interest by the pharmaceutical industry. Nevertheless, there are few studies fo-
cusing on its molecular biology and genetic characterization. We herein report the complete chloroplast (cp) genome
of P. trunciflora using high-throughput sequencing and compare it to other previously sequenced Myrtaceae
genomes. The cp genome of P. trunciflora is 159,512 bp in size, comprising inverted repeats of 26,414 bp and sin-
gle-copy regions of 88,097 bp (LSC) and 18,587 bp (SSC). The genome contains 111 single-copy genes (77 pro-
tein-coding, 30 tRNA and four rRNA genes). Phylogenetic analysis using 57 cp protein-coding genes demonstrated
that P. trunciflora, Eugenia uniflora and Acca sellowiana form a cluster with closer relationship to Syzygium cumini
than with Eucalyptus. The complete cp sequence reported here can be used in evolutionary and population genetics
studies, contributing to resolve the complex taxonomy of this species and fill the gap in genetic characterization.
Keywords: Jaboticaba, Myrtaceae, chloroplast genome, next-generation sequencing.
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Plinia trunciflora (O.Berg) Kausel, synonym
Myrciaria trunciflora O.Berg, is a native Brazilian tree that
belongs to the Myrtaceae family and is widely distributed
in the southern and southeastern areas of Brazil (Sobral et
al., 2012). Among all identified Plinia sp. species, P.
cauliflora (DC.) Berg (synonym M. cauliflora (Mart.)
O.Berg), P. jaboticaba (Vell.) Berg (synonym M. jabotica-
ba O.Berg) and P. trunciflora are endemic to Brazil. All of
these species produce a similar grape-like edible fruit,
known as jaboticaba, which presents a sweet jelly-like
white pulp covered by a purple peel. Jaboticaba (P.
trunciflora) has attracted attention because of its significant
levels of phenolic compounds associated with health bene-
fits, such as antidepressant and antioxidant effects and the
prevention of neurodegenerative diseases and diabetes
(Stasi and Hiruma-Lima, 2002; Sacchet et al., 2015). These
benefits have largely been attributed to the capacity of these
compounds to prevent or reduce oxidative stress. Addi-
tionally, jaboticaba (P. trunciflora) is largely consumed
fresh or used to make jellies, juices, wines, spirits and vine-
gar (Balerdi et al., 2006).
Despite the nutritional and productive recognized im-
portance of this species, the taxonomic classification is still
controversial. This is mostly so because it is based on mor-
phological evaluation of the trees, fruits and seeds, regard-
ing physical, chemical, physicochemical, and germinal
characters that have shown the existence of variability
(Guedes et al., 2014). Therefore, molecular studies are
needed to better clarify the phylogenetic relationships
among the species from this genus.
The chloroplast (cp) genome is a circular molecule of
double-stranded DNA that consists of four distinct regions,
a large and a small single copy region (LSC and SSC, re-
spectively) separated by two inverted repeat regions (IRa
and IRb). Despite the high degree of conservation in its
structure, gene content and organization, the presence of
mutations, duplications and rearrangements of genes make
it an attractive option for phylogenetic studies (Costa et al.,
2016). In the case of Myrtaceae, there are only few phylo-
genetic and evolutionary studies based on cp genes (Craven
and Biffin 2005; Payn et al., 2007; Biffin et al., 2010; Bayly
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et al., 2013; Eguiluz et al., 2017; Machado et al., 2017), and
there are even less that include the Plinia genus (Vascon-
celos et al., 2017).
In this study, young leaves from a Plinia trunciflora
tree harvested in Gravataí, RS, Brazil (latitude (S):
29°51’52"; longitude (W): 50°53’53") were used to extract
total DNA by the CTAB method (Doyle and Doyle, 1990).
DNA quality was evaluated by electrophoresis in a 1%
agarose gel, and DNA quantity was determined using a
NanoDrop spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). One genomic paired-end library of
100 nt length was generated by Fasteris SA (Plan-les-
Ouates, Switzerland) using an Illumina HiSeq2000 plat-
form (Illumina Inc., San Diego, CA, USA). The paired-end
sequence reads were filtered against 42 Myrtaceae cp geno-
mes (Table S1) using BWA software with two mismatches
allowed (Li and Durbin, 2009). The obtained reads were as-
sembled de novo with ABySS software (Simpson et al.,
2009). The cp genome scaffolds were orientated using cp
genome sequences of Eucalyptus globulus, Eucalyptus
grandis and Eugenia uniflora L. using BLASTN (Camacho
et al., 2009). A gap region was filled in by Sanger sequenc-
ing using primers F: 5’ GGGTTATCCTGCACTTGGAA
and R: 3’ TGCTGTCGAAGCTCCATCTA. Genes were
annotated using DOGMA (Wyman et al., 2004) and
BLAST homology searches. tRNAs (transfer RNA) were
predicted using tRNAscan-SE program (Schattner et al.,
2005) and confirmed by comparison with the appropriate
homologs in E. globulus. The circular cp genome map was
drawn using OGDRAW online program (Lohse et al.,
2007). For the phylogenetic analysis, a set of 57 cp pro-
tein-coding sequences (Table S2) from 56 species belong-
ing to Malvids (Eurosids II) (Table S3) were used with Vitis
vinifera serving as outgroup. Nucleotide sequences were
aligned using MUSCLE available in MEGA version 6.0
(Tamura et al., 2013), and a Bayesian tree was generated
using MrBayes version 3.1.2 (Ronquist and Huelsenbeck,
2003) with 5,000,000 generations sampled every 100 gen-
erations and discarding the first 25% of trees as burn-in,
with posterior probability (PP) values for each node. The
GTR+I+G nucleotide substitution model determined by
MODELTEST version 3.7 (Posada and Crandall, 1998)
was used. The phylogenetic tree was rooted and visualized
using FigTree software (http://tree.bio.ed.ac.uk/soft-
ware/figtree/).
A total of 148,824,244 raw Illumina paired-end reads
from the P. truncliflora nuclear genome were filtered
against 42 Myrtaceae cp genomes. The 8,912,157 obtained
reads were de novo assembled into non-redundant contigs
and singletons covering about 99% of the genome (mini-
mum coverage=144 reads, maximum coverage=18,789
reads). Two final large scaffolds were obtained and joined
into a cp circular genome using Sanger sequencing. The
complete cp genome of P. trunciflora is 159,512 bp in size
and was submitted to GenBank (accession number:
KU318111). The size is similar to that of other Myrtaceae
species (Eguiluz et al., 2017; Machado et al., 2017). The cp
genome included an LSC region of 88,097 bp, an SSC re-
gion of 18,587 bp and a pair of inverted repeats (IRa and
IRb) of 26,414 bp each (Figure 1). Coding regions com-
prise 47.2%, 13.3% correspond to rRNAs and tRNAs, and
39.5% of the genome comprises non-coding regions, in-
cluding introns, pseudogenes and intergenic spacers (Table
1). In general, all genomic features showed similarity in
structure and gene abundance with other Myrtaceae species
(Bayly et al., 2013; Eguiluz et al., 2017; Machado et al.,
2017). The genome contained 131 genes in total, which in-
cludes 111 single-copy genes corresponding to 77 pro-
tein-coding genes, 30 transfer RNA (tRNA) genes and four
ribosomal genes (rRNA) (Figure 1, Table 1). The ycf1, ycf2
and ycf15 sequences were annotated as pseudogenes based
on the presence of many stop codons in their coding se-
quences and by comparison with sequences of E. globulus
and S. cumini. Of the 131 genes in P. trunciflora, seven of
the tRNAs genes and all four rRNA genes occurred within
the IR regions and consequently were duplicated (Table 1).
The cp genome has 20 intron-containing genes: 12 protein
coding genes and six tRNA genes which contain one intron,
and the clpP and ycf3 genes that contain two introns each.
The rps12 gene is a trans-spliced gene with the 5’end lo-
cated in the LSC region and the duplicated 3’end in the IR
872 Eguiluz et al.
Table 1 - Summary of the Plinia trunciflora chloroplast genome characteristics.
Feature Plinia trunciflora
Total cpDNA size 159,512 bp
LSC size (bp) 88,097 bp
SSC size (bp) 18,586 bp
IR size (bp) 26,414 bp
Protein coding regions (%) 60.48%
rRNA and tRNA (%) 13.3%
Introns size (% total) 10.65%
Intergenic sequences and pseudogenes size (%) 28.9%
Feature Plinia trunciflora
Number of genes 131 genes
Number of different protein coding genes 77
Number of different tRNA genes 30
Number of different rRNA genes 4
Number of different duplicated genes 16
Pseudogenes 3
GC content (%) 37%
regions. The trnK-UUU has 2,529 bp, with the largest
intron encompassing also the matK gene.
The whole cp genome analysis revealed that the cp
genomes of P. trunciflora and E. uniflora are shorter in
comparison to other Myrtaceae, such as E. globulus, E.
grandis, E. uniflora and S. cumini, (Figure 2). Despite its
size, the total length of introns in P. trunciflora (16,972 pb)
is the largest in Myrtaceae, e.g. S. cumini presents 14,469
bp and the same is observed in E. globulus and E. grandis.
The size of the intergenic spacer located between the
IRa/LSC border and the first gene of LSC in P. trunciflora
is more similar to Eucalyptus species than its closer species
E. uniflora (Figure 2). The comparison of the ndhK gene of
P. trunciflora, with 678 bp, indicated a smaller gene size
than that in other plants, such as E. uniflora (858 pb), S.
cumini (855 bp), E. globulus (855 bp) and E. grandis (853
bp). The same size (678 bp) for this gene is found in
Arabidopsis thaliana. The effective size of the coding
sequence is confirmed by the presence of a thymine in posi-
tion 53,811 bp in the cp genome from P. trunciflora that
creates a stop codon and makes this gene shorter than in
other Myrtaceae.
Our phylogeny includes the sister relationship of the
orders Brassicales, Malvales and Sapindales and the orders
Geraniales and Myrtales. All these results agree with previ-
ous studies based on multiple genes or complete cp geno-
mes (Ruhfel et al., 2014). By analyzing the Myrtaceae
family clade we showed that P. trunciflora, E. uniflora and
Acca sellowiana form a single cluster of Neotropical
Myrtaceae, and that this clade has a shorter genetic distance
with S. cumini than to the Australian Myrtaceae clade (Fig-
ure 3). Additionally, our analysis corroborates that
Corymbia gummifera is paraphyletic in respect to Ango-
phora. A previous phylogenetic analysis using certain cp
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Figure 1 - Gene map of the Plinia trunciflora chloroplast genome. The structure of the cp genome consists of one large and small single copy (LSC and
SSC, respectively) and a pair of inverted repeats (IRa and IRb). Genes drawn inside the circle are transcribed counterclockwise and those outsides are
clockwise. Genes belonging to different functional groups are indicated by different tonalities. The darker gray in the inner circle corresponds to GC con-
tent, while the lighter gray corresponds to AT content.
genes (ITS, matK and ndhF) of Myrtaceae species showed
that Eucalyptus, Syzygium, Eugenia and Myrciaria (syn-
onym of Plinia) form a distinct clade that is consistent with
characteristics of the pollen (Thornhill et al., 2012). As can
be observed in the Bayesian tree (Figure 3), Plinia could be
paraphyletic in relation to Eugenia and Acca, in agreement
with the embryo morphology and studies using cp regions
that placed Plinia, Myrciaria and Siphoneugena as the
emerging “Plinia group” (Lucas et al., 2007). Taxon
sampling and phylogenetic methodology could affect the
different results. Therefore, additional complete cp genome
sequences will help in the comprehension of the relation-
ship among Myrtaceae species.
The Plinia trunciflora genome represents the first
complete cp genome sequence for the genus Plinia and
shows a set of features that could be further explored for
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Figure 2 - Comparison of the borders of LSC, SSC and IR regions among five chloroplast genomes. Boxes above the main line indicate the predicted
genes, while pseudogenes at the borders are shown by . Variation in rps19 gene length is displayed at the IRb/LSC borders of Plinia trunciflora,
Eugenia uniflora, Syzygium cumini, Eucalyptus globulus and Eucalyptus grandis, but only in P. trunciflora, this gene is located at IRb and LSC regions.
This figure is not drawn to scale.
population and phylogenetic studies within this group.
Moreover, these data increase the genetic and genomic re-
sources available in Myrtaceae by adding a new strategy of
organelle genome assembly.
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Abstract Listeria monocytogenes is a pathogenic microorgan-
ism in humans and is frequently transmitted by food. Methods to
control the presence of Listeria in foods are necessary. In the
present study, transcriptomics of L. monocytogenes grown in
the presence of essential oil extracted fromBaccharis psiadioides
were studied byRNA sequencing and reverse transcription quan-
titative polymerase chain reaction (RT-qPCR) experiments. The
results obtained indicate that essential oil of B. psiadioides has
potential bacteriostatic activity at the concentration tested, affect-
ing Listeria cells functioning and development. Responses of the
microorganism included upregulation of stress genes and down-
regulation of virulence genes, such as actA, hly and prfA, indi-
cating a decrease in virulence and in the capacity of the micro-
organism to cause infection. Thus, the results presented here
allow us to conclude that B. psiadioides essential oil may be an
alternative means of controlling microorganisms proliferating in
foods.
Keywords Bacteriostasis . Essential oil . Listeria
monocytogenes . Virulence . RNA sequencing . RT-qPCR
Introduction
Among studies involving food safety, Listeria monocytogenes
stands out because of its high pathogenicity, mainly related to
immunocompromised individuals, such as the elderly and ne-
onates, and the high risk of its transplacental transmission in
pregnant women (Allerberger and Wagner 2010; Girard et al.
2014). The microorganism has the ability to survive and pro-
liferate at refrigeration temperatures, which is a major problem
related to food production that extensively uses the cold chain
in the processing and storage of products (Farber and Peterkin
1991). Moreover, increased transcription of several
L. monocytogenes genes involved in virulence and stress
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responses has already been demonstrated at 7 °C compared to
37 °C (Pieta et al. 2014). Among the 13 described serotypes of
L. monocytogenes, 1/2a, 1/2b and 4b are responsible for 95%
of human infections, called listeriosis (Montero et al. 2015).
Historically, serotype 4b has caused the greatest proportion of
listeriosis outbreaks and the largest number of cases per out-
break in the United States (Cartwright et al. 2013).
Essential oils (EO) are secondary metabolites pro-
duced by several plants, and can function as antimicro-
bials, antivirals, antimycotics, antipsoriatics, insecticides
and in cancer treatments (Cowan 1999; Edris 2007;
Reichling et al. 2009). The EO present in the
Asteraceae plant family, with emphasis on Baccharis
psiadioides (Less.) Joch. Müller (= Heterothalamus
psiadioides Less.) (Giuliano and Freire 2011), has im-
portant anti-inflammatory properties (Fabri et al. 2011)
and the ability to inhibit the growth of antibiotic resis-
tant microorganisms, also reducing biofilm formation in
abiotic surfaces (Negreiros et al. 2016). Natural com-
pounds present in the essential oil of B. psiadioides
(EOBp) are classified as terpenes, and can be divided
into two fractions: (1) monoterpenes with a significant
percentage composed of β-pinene; and (2) sesquiter-
penes with Ar-curcumene as the major component.
Transcriptomic, proteomic, genetic and physiological
analyses can identify L. monocytogenes molecular stress
adaptation responses, by global expression changes in a
large number of the cellular components (Soni et al.
2011). In addition to EO, nisin—a bacteriocin produced
by several lactic acid bacteria (Delves-Broughton
1990)—presents antimicrobial potential against food path-
ogens. Proteomic analyses of L. monocytogenes cells treat-
ed with a sub-lethal concentration of nisin displayed an
overexpression of proteins related to oxidative stress and
production of cell membrane lipids (Miyamoto et al.
2015). Experiments carried out with the Gram-positive
pathogenic bacterium Staphylococcus aureus, showed
transcriptional alterations induced by tea tree oil produced
as a steam distillate of Melaleuca alternifolia, which has
broad-spectrum antibacterial activity, including altered
regulation of genes involved in heat shock and cell wall
metabolism (Cuaron et al. 2013). Furthermore, the mecha-
nism of biofilm inhibition and virulence attenuation in
enterohemorrhagic Escherichia coli O157:H7 (EHEC)
treated with eugenol and eugenol-rich oil was shown
through transcriptional and phenotypic assays (Kim et al.
2016).
The use of natural compounds with antimicrobial potential
represents an alternative means to combat pathogen growth;
therefore, the present work aimed to analyze the differential tran-
scriptome profile of L. monocytogenes grown in the presence of
EOBp using RNA sequencing (RNA-Seq) and reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR).
Materials and methods
Bacterial strain
The L. monocytogenes 55 (Lm55) strain was isolated from
cheese by the National Agricultural Laboratory of Rio
Grande do Sul State (LANAGRO/RS) of the Ministry of
Agriculture, Livestock and Food Supply (MAPA/Brazil),
and serotyped at the Oswaldo Cruz Institute (State of Rio de
Janeiro, RJ, Brazil) as serotype 1/2a (deMello et al. 2008; Nes
et al. 2010).
Characterization of EO of B. psiadioides
EOBp was obtained from the Laboratory of Chemical
Ecology and Chemotaxonomy [Department of Botany,
Federal University of Rio Grande do Sul (UFRGS)]. Leaves
of B. psiadiodes were collected from populations located in
Porto Alegre, RS, and subjected to drying at room tempera-
ture, with subsequent extraction of EO in a modified
Clevenger apparatus (Gottleib and Taveira-Magalhães 1960).
EOBp was fractionated according to Kulisic et al. (2004) with
some modifications, by column chromatography (40 cm in
length; 2 cm diameter) with silica (21 g, 63–200 μm, 60° pore;
Sigma-Aldrich, St. Louis, MO), using pentane and diethyl
ether to obtain fractions containing only non-polar and polar
hydrocarbons, respectively. Fractions obtained were analyzed
using gas chromatography–mass spectrometry (GC-MS). For
the experiments, the whole extract (both fractions) was used in
L. monocytogenes cultures.
Experimental design, RNA sequencing and statistical
analyses
The Lm55 strain was cultivated in tryptone soy broth (TSB;
HiMedia, Mumbai, Maharashtra, India) at 37 °C under agita-
tion. TheMIC/2 of EOBp (Negreiros et al. 2016) was added in
the exponential growth phase, when the microorganism had
reached an optical density (OD600 nm) between 0.3 and 0.4,
measured with an ultraviolet/visible spectrophotometer
(Ultrospec 3100 Pro; Amersham Biosciences, Little
Chalfont, UK). After 20 min, growth was interrupted and cells
were washed with 300 μL 1X TE buffer (10 mMTris-HCl pH
8.0, 1 mM EDTA pH 8.0; reagents from Sigma-Aldrich) and
resuspended in 100 μL 1X TE buffer. As control conditions, a
parallel experiment was conducted without EOBp. Total RNA
samples from Lm55 were isolated using the TRIzol® Reagent
kit (Thermo Fisher Scientific, Waltham, MA), and spectro-
photometer readings (ratio OD260 nm/OD280 nm) comprised
values between 1.8 and 2.0 for all samples. Experiments were
performed in biological triplicates and experimental
quadruplicates.
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Total RNA samples were prepared using the TruSeq
StrandedmRNASample Preparation—LowSample (LS) pro-
tocol from the TruSeq Stranded mRNA Library Preparation
Kit (Illumina, San Diego, CA), and a pool of libraries was
prepared for subsequent sequencing according to the TruSeq
Stranded mRNA Sample Preparation Guide (Illumina).
Sequencing of the pooled libraries was performed on MiSeq
Gene and Small Genome Sequencer equipment (Illumina)
using the MiSeq Reagent kit v3 150 cycles (Illumina) accord-
ing to the manufacturer’s instructions. Finally, 600 μL
[570 μL of the pooled libraries and 30 μL (5%) of PhiX
control solution] was added to the cartridge for subsequent
sequencing.
The presence of adapters and quality of reads produced by
RNA-Seq were determined for each library using FastQC
software (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Based on these data, the Trim Galore!
software (http://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) was used to eliminate sequences of
reads with a quality below 30, as well as the sequences of
the Illumina adapters. The cleaned reads were then anchored
with TopHat2 (Kim et al. 2013) to the reference genome of
Lm55 (Pieta et al. 2015; deposited in GenBank under the
accession no. LKHO00000000), and the fragments per kilo-
base million (FPKM) values for all genes were calculated
using Cufflinks (Trapnell et al. 2012). The counting tables of
the reads mapped to each gene were generated by the
featureCounts module of Subread software (Liao et al. 2013)
, for sequence alignment files generated by TopHat2. To per-
form statistical analyses for differential expression, the
counting tables were analyzed in the R Bioconductor
DESeq2 package v.1.12.3 (Love et al. 2014). For each treat-
ment comparison, all genes with log2foldchange greater than 1
and less than −1 were considered differentially expressed..
The protein sequences of these two groups of genes were
functionally annotated with Blast2GO (Conesa et al. 2005),
and the functional categories were visualized with the WEGO
program (Ye et al. 2006). Sequences of the proteins were
compared to the UniRef Enriched KEGG Orthology
(UEKO) database (Guedes et al. 2011) using local BlastX
(Altschul et al. 1997). The BlastX results were processed in
the MySQL software (Oracle, Cupertino, CA), and the KEGG
Orthology (KO) codes obtained were viewed on the iPATH2
web server (Yamada et al. 2011).
Relative gene expression
From total RNA, complementary DNA (cDNA) synthesis,
recommended by Bustin et al. (2009), was performed accord-
ing to Pieta et al. (2014), and relative gene expression was
determined using RT-qPCR. Primers were using the
GenScript tool (https://www.genscript.com/tools/real-time-
pcr-tagman-primer-design-tool) based on the genes that were
differentially expressed and related to virulence, stress
response and transcription factors of the microorganism.
Genes chosen for analysis in the present study were actA,
agrA, crp, degU, fri, fur, hly, iscR, malR, prfA, sigB, and sod
(Table 1 and Table S1 for functions of the coded proteins).
For RT-qPCR experiments, a solution containing 0.01–
0.1 μM of each primer; 25 μM dNTPs (Promega, Madison,
WI); 1X reaction buffer; 3 mMMgCl2; 1X SYBRGreen (Bio-
Rad, Hercules, CA); 0.25 U Platinum Taq DNA polymerase
(Thermo Fisher Scientific); and ultrapure Milli-Q water to
complete the final volume of 10 μL was prepared. Standard
curves were constructed with four points in twofold dilutions
starting from a 1:50 cDNA concentration for each of the study
primers to verify reaction efficiency in RT-qPCR experiments,
determined with the StepOne v. 2.3 software based on slopes
of plots and crossing points (Cps) versus log input of cDNA.
For amplification, StepOnePlus™ Real Time–PCR System
(Thermo Fisher Scientific) and 96-wells polystyrene micro-
plates (Axygen Scientific, Union City, CA) were used. PCR
was conducted at 94 °C for 5 min; 40 cycles at 94 °C for 15 s,
60 °C for 10 s, 72 °C for 15 s and 60 °C for 35 s; and a final
melting curve between 50 and 99 °C (Δ0.1 °C/s). All exper-
iments were performed in biological triplicates and experi-
mental quadruplicates. The total volume present in each well
was 20 μL, consisting of 10 μL diluted cDNA (1:50) and
10 μL reaction solution, and in the case of the negative con-
trol, a total volume consisting of 20 μL reaction solution.
Housekeeping genes gap, rpoB and 16SrRNA (Table S2)
were tested as candidates for RT-qPCR data normalization
using the NormFinder algorithm (Andersen et al. 2004) and
geNorm v. 3.5 software (Vandesompele et al. 2002). Relative
expression of the genes was calculated using the 2-ΔΔCt meth-
od (Livak and Schmittgen 2001), considering the efficiency
(E) of RT-qPCR reactions for each of the primers in the cal-
culation of relative expression (E-ΔΔCt), and statistical analy-
ses were performed using one-way analysis of variance
(ANOVA), at a significance level of 5%, using Statistica soft-
ware (Statsoft, Tulsa, OK). When there was a statistically sig-
nificant difference (P < 0.05) between Ct (threshold cycle)
values of the control and study conditions, the genes were
considered to be more transcribed (E-ΔΔCt > 1) or less tran-
scribed (E-ΔΔCt < 1) during growth in the presence of BpEO.
Results and discussion
Determination of EOBp composition by GC-MS
Total EOBp was used to perform our analysis and the EOBp
fractions obtained were divided into two groups: one fraction
was composed predominantly of monoterpenes and the other
predominantly of sesquiterpenes. Results of GC-MS indicated
the presence of a complex mixture of terpenes in the two
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fractions. The fraction composed predominantly of monoter-
penes revealed the presence of 20 compounds (Table 2);
monoterpenes represented 71.82% of this fraction, with β-
pinene as the major compound (43.81%). Other compounds
present in significant amounts were δ-3-carene (14.92%) and
limonene (10.82%)—both monoterpenes. In relation to the
fraction composed predominantly by sesquiterpenes, the pres-
ence of 14 compounds was verified (Table 3), where the ses-
quiterpenes represented 93.59% of this fraction, Ar-
curcumene being the major compound (40.12%). In this frac-
tion, other compounds were also found in significant concen-
trations, such as bicyclogermacrene (15.89%) and γ-
muurolene (15.68%)—both sesquiterpenes.
Transcriptomic analysis
In total, 333 genes presented a log2foldchange > −1 (−2 fold
change cut off), being considered downregulated in the T4
sample (untreated with EOBp), and, consequently, upregulat-
ed in the O6 sample (treated with MIC/2 EOBp); and 273
genes presented a log2foldchange > 1 (2 fold change cut
off), which means they were upregulated in the T4 and down-
regulated in the O6 samples (Table S3).
Based on these data, functional categories were visualized
with the WEGO program, and the results regarding the effect
of EOBp on differential genes expression in Lm55 strain are
shown in Fig. 1 and Table 4 for the three categories listed:
Biological Process (BP), Cellular Component (CC) and
Molecular Function (MF).
With regard to the BP group (Fig. 1a), several processes pre-
sented a greater number of upregulated genes, such as biological
regulation; cell cycle; catabolic process; amino acid and nitrogen
compound, carbohydrate, cofactor, lipid, organic acid and sulfur
metabolism; and response to stress. According to Bich et al.
(2016), Bbiological regulation is what allows an organism to
handle the effects of a perturbation, modulating its own consti-
tutive dynamics in response to particular changes in internal and
external conditions^. As the results showed 12 upregulated genes
and 4 downregulated genes in this category, indicating that EOBp
can affect homeostasis causing changes in L. monocytogenes
cells function and development. In support of this statement,
growth in the presence of EOBp upregulated 22 genes and down-
regulated 5 genes related to stress response. In addition, several
genes related to cofactor and sulfur metabolism were upregulat-
ed, and it should be noted that the iron-sulfur ([Fe-S]) clusters or
cofactors (widely distributed in nature) are of great importance in
several biological processes (Johnson et al. 2005).
Table 1 Sequences of primers
used in the transcriptional
analysis by RT-qPCR, with
respective sizes of amplification
fragments and annealing
temperatures
Gene Nucleotide sequence Amplicon size (bp) Annealing temperature (°C)
actA 5′ AGAAATCATCCGGGAAACAG 3′ 147 58.98
5′ CCTCTCCCGTTCAACTCTTC 3′ 58.87
agrA 5′ CGGGTACTTGCCTGTATGAA 3′ 149 58.65
5′ TGAATAGTTGGCGCTGTCTC 3′ 59.03
crp 5′ ATTCACAGTTTGCGAATGCT 3’ 117 58.86
5′ TTTGCAAATCAACATCACGA 3’ 59.02
degU 5′ GGCGCGTATATTCATCCAC 3’ 150 58.96
5′ TACCTCGCACTCTCTATGCG 3’ 59.20
fri 5′ GGCGAACAAATGGATGAAGT 3’ 108 59.94
5′ ATAAGGCGCTTCTTCTACGC 3’ 58.77
fur 5′ TTTAGCGCCTTCTTGTCTCA 3’ 114 58.80
5′ GGCCTTGCAACCGTTTATAG 3’ 59.61
hly 5′ AGCTCATTTCACATCGTCCA 3’ 124 59.24
5′ TGGTAAGTTCCGGTCATCAA 3’ 58.97
iscR 5′ ATCGGACCTCTTCGTAATGC 3’ 106 59.15
5′ CGTATGATATCACCCGCAGT 3’ 58.48
malR 5′ GAATCGTCTGGACCGGTAAT 3’ 110 58.86
5′ AACGTGAGCCAAGTCCTTCT 3’ 58.94
prfA 5′ GGAAGCTTGGCTCTATTTGC 3’ 145 59.07
5′ ACAGCTGAGCTATGTGCGAT 3’ 58.65
sigB 5′ TGGTGTCACGGAAGAAGAAG 3’ 135 58.85
5′ TCCGTACCACCAACAACATC 3’ 59.27
sod 5′ CCACCATTTGGGCTAAGAAT 3’ 94 58.90
5′ GCGTTCCTGAAGATATTCGC 3’ 59.81
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Carbohydrate and lipid metabolism indicate energy
generation, and may be considered catabolic processes,
which refer to the assimilation or processing of organic
compounds to obtain energy. Positive regulation of genes
involved in the metabolism of several compounds may be
related to the EO composition, since EO are complex
mixtures of volatile substances, usually lipophilic, whose
components include terpene hydrocarbons, simple alco-
hols, aldehydes, ketones, phenols, esters and fixed organic
acids (Simões and Spitzer 1999). Araújo et al. (2016)
analyzed the effects of argentilactone, a constituent of
the EO from Hyptis ovalifolia, on the transcriptional pro-
file, cell wall and oxidative stress of Paracoccidioides
spp., a dimorphic pathogenic fungus. Their results dem-
onstrated that the upregulated genes were related to me-
tabolism; cell rescue, defense and virulence; energy and
cell cycle; and DNA processing. The downregulated
genes were related to metabolism, transcription, protein
fate, and cell cycling and DNA processing.
A larger number of downregulated genes related to
BP were identified for categories such as biopolymers,
macromolecules and protein metabolism; cell division;
gene expression; ribosome biogenesis; and transmem-
brane transport. Biopolymer metabolism includes pro-
teins, DNA and RNA production, and its downregula-
tion may consequently affect ribosome biogenesis (32
downregulated versus two upregulated genes) and gene
expression (34 downregulated versus four upregulated
genes). The antimicrobial effect of EO may be respon-
sible for downregulation of genes related to cell divi-
sion, indicating the difficulty that the microorganism
has, in the presence of the EO, to complete its binary
fission and increase the microbial population.
All the categories related to CC (Fig. 1b) presented a
larger number of downregulated genes, except for the
external encapsulating structure. Some of those belong-
ing to MF (Fig. 1c), such as structural constituent of
ribosomes, translation regulators and transmembrane
transporters, were also mostly downregulated. These da-
ta suggest an inverse correlation with the results for
higher numbers of downregulated genes involved in
BP, such as ribosome biogenesis, biopolymer (DNA,
RNA, proteins) production, and transmembrane
transport.
Table 2 Chemical composition of Baccharis psiadioides essential oil
(EOBp) fraction composed predominantly by monoterpenes. The relative
percentage of each component was obtained directly from the peak areas
of the chromatogram, considering 100% the sum of all evaluated peaks
Component IK cala IK tabb Yield (%)
Monoterpenes
α-pinene 930 939 0.59
β-pinene 978 979 43.81
Mircene 993 990 0.93
δ-3-carene 1012 1011 14.92
p-cymene 1024 1024 0.75
Limonene 1029 1029 10.82
Total 71.82
Sesquiterpenes
β-elemene 1383 1390 1.65
β-caryophyllene 1407 1419 1.15
Aromadendrene 1426 1441 1.80
Dehydro-aromadendrene 1434 1462 2.36
Allo-aromadendrene 1446 1460 3.34
γ-gurjunene 1457 1477 1.06
γ-muurolene 1462 1479 1.09
Germacrene D 1466 1481 0.80
Ar-curcumene + β-selinene 1470 1480/1490 5.32
Valencene 1473 1496 0.87
α-selinene 1480 1498 4.28
α-muurolene 1485 1500 0.90
γ-cadinene 1496 1513 1.53
δ-cadinene 1506 1523 2.03
Total 28.18
a Calculated Kováts retention index
b Tabulated Kováts retention index
Table 3 Chemical composition of EOBp fraction composed
predominantly by sesquiterpenes. The relative percentage of each
component was obtained directly from the peak areas of the
chromatogram, considering 100% the sum of all evaluated peaks
Component IK cala IK tabb Yield (%)
Monoterpenes
β-pinene 973 979 1.41
p-cymene 1023 1024 0.64
Limonene 1027 1029 3.14
(E)-β-ocimene 1047 1050 1.22
Total 6.41
Sesquiterpenes
β-elemene 1383 1390 4.30
β-caryophyllene 1407 1419 1.12
α-humulene 1440 1454 6.56
Allo-aromadendrene 1446 1460 4.91
γ-muurolene 1468 1479 15.68
Ar-curcumene 1477 1480 40.12
Bicyclogermacrene 1485 1500 15.89
Germacrene A 1491 1509 2.07
γ-cadinene 1498 1513 1.30
δ-cadinene 1508 1523 1.64
Total 93.59
a Calculated Kováts retention index
b Tabulated Kováts retention index
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Transcriptional analysis of virulence genes and stress
response genes
First, to determine the reliability of the amplification data, the
efficiency of the study primers was determined (Table S4),
and the housekeeping genes gap, rpoB and 16SrRNA were
tested as candidates for RT-qPCR data normalization using
the NormFinder algorithm and geNorm v. 3.5 software. Both
programs indicated rpoB and 16SrRNA as the most stable
genes and recommendable for data analysis, while gap was
demonstrated as the least stable gene (Fig. S1 and Table S5).
Results of relative gene expression for Lm55 strain cultivated
in the presence of EOBp are shown in Fig. 2. The data shown
here concur with the differential expression obtained with
RNA-Seq, which allowed us to validate our experiments
(Table S6).
Downregulation (P < 0.05) was observed in virulence
genes, such as prfA, fur, hly, actA and agrA, in the presence
of EOBp. Previous research has already demonstrated the an-
timicrobial and antibiofilm potential of plant-extracted EO
against several food-borne pathogens, such as S. aureus,
E. coli and L. monocytogenes (Upadhyay et al. 2013; Lopez-
Romero et al. 2015) and the relation between the EO concen-
tration and its bactericidal and/or bacteriostatic effect against
these bacteria (Burt 2004;Mazzarrino et al. 2015). In addition,
the extracted of EOBp showed a high concentration of β-pi-
nene—a monoterpene that has been reported as one of the
main chemicals responsible for the antimicrobial activity of
several EOs.
Both PrfA and Fur are regulators involved in
L. monocytogenes virulence and pathogenicity. PrfA controls
the transcription of several virulence genes involved in the
infection process, such as actA, which is responsible for the
polymerization of actin tails, which propels the microorgan-
ism to neighboring cells, and the hly gene that codifies
listeriolysin O (LLO), which is critical to survival of the mi-
croorganism in the phagocytes during the infection process
(Xayarath and Freitag 2012). Thus, the significantly reduced
transcription of prfA corroborates the reduced transcription of
the hly gene. The agr system of S. aureus, widely conserved
among Gram-positive bacteria, is involved in biofilm forma-
tion (Lyon and Novick 2004), and the AgrA-AgrC two-com-
ponent system has been studied extensively because of its
cont ro l o f v i ru lence fac tor s (Novick 2000) . In
L. monocytogenes, as in S. aureus, agrB, agrD, agrC and
agrA genes are organized in a unique operon, regulating
microorganism adhesion to surfaces, fundamental for a proper
biofilm formation, in addition to its involvement in the
Listeria infection process in mammals (Riedel et al. 2009).
An earlier in vivo study showed that the virulence of a
ΔagrA L. monocytogenes strain was attenuated, demonstrating
the role of the agr locus in the virulence of this microorgan-
ism, and its influence in the production of several secreted
proteins, such as LLO (Autret et al. 2003).
Iron, an abundant element in nature, acts as a cofactor for
several enzymes involved in microorganism metabolism, be-
ing required by almost all bacteria. However, iron concentra-
tions above physiological levels can be toxic for microorgan-
isms. A regulator of ferric iron uptake in many bacteria, Fur is
involved with L. monocytogenes virulence and survival in the
host (Rea et al. 2004). Mutations in the fur gene reduced
microorganism pathogenicity in mice, indicating that disrup-
tion of intracellular iron homeostasis contributes to a lower
ability of this pathogen to successfully establish infection
(Newton et al. 2005; Olsen et al. 2005). In agreement with
this, McLaughlin et al. (2012) demonstrated that deregulation
of iron uptake through the elimination of Fur significantly
impacts upon virulence potential in several pathogenic bacte-
ria, including L. monocytogenes, as mutants in Fur-regulated
loci resulted in a significant reduction in virulence potential
relative to the wild-type. A recent study characterized the
composition of an EO extracted from the leaf of Rhaphiodon
echinus GC-MS experiments revealed the presence of mono-
terpenes, sesquiterpenes, and the metal chelation potential of
this oil (Duarte et al. 2016). As the EOBp constitutes by both
monoterpenes and sesquiterpenes, this may explain the signif-
icantly decreased transcription of fur, which is downregulated
under iron-limited conditions (Ledala et al. 2010).
While some genes associated with virulence were down-
regulated, genes correlated with stress response such as degU,
sigB, crp, fri, iscR, sod and malR were upregulated in the
presence of EOBp. An upregulation gene example was a stress
response transcription factor named sigma B (σB), which con-
tributes to the microorganism’s resistance to several condi-
tions unsuitable to its development, such as acidic, osmotic
and energy stresses (O’Byrne and Karatzas 2008).
DegU is a regulator of the expression of flagellar and che-
motaxis genes in L. monocytogenes, involved in microorgan-
ism motility but not required for its virulence (Williams et al.
2005 ) . Bu rke e t a l . ( 2014 ) demons t r a t ed tha t
L. monocytogenes uses different enzymes and regulators of
gene expression, such as DegU, to resist the bactericidal ac-
tivity of lysozymes, which degrade the bacterial cell wall,
resulting in bacteriolysis. In addition, they suggested that
DegU is one of the major regulators of lysozyme resistance
in L. monocytogenes, a mechanism commonly found in other
pathogens.Members of the Crp/Fnr transcription factor family
have several related functions in microorganisms, such as reg-
ulation of virulence, metabolic pathways and stress response.
Fig. 1a–c Transcriptomic analysis results. Differential expression of
genes related to functional categories a biological process (BP), b
cellular component (CC), and c molecular function (MF) of Listeria
monocytogenes 55 grown in the presence of Baccharis psiadioides essen-
tial oil (EOBp). Graphical representation generated using the WEGO
program
R
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Crp, the cyclic AMP receptor protein, affects the metabolism
of sugars or amino acids, transport processes, protein folding,
as well as toxin production or pilus synthesis (Körner et al.
2003). In addition, the Crp family of transcription factors is
Table 4 Number of down and
upregulated genes related to
processes belonging to the
functional categories studied
[Biological Process (BP); Cellular
Component (CC); Molecular
Function MF)] in Listeria




Biological regulation 4 12
Biopolymer metabolic process 41 18
Biosynthetic process 82 74
Carbohydrate metabolic process 41 56
Catabolic process 15 25
Cell adhesion 2 2
Cell communication 1 1
Cell cycle 0 4
Cell division 45 35
Cell motility 2 3
Cellular amino acid and derivative metabolic process 19 33
Cellular developmental process 1 1
Cellular metabolic process 101 90
Cellular process 110 104
Chromosome organization 2 0
Chromosome segregation 1 0
Cofactor metabolic process 12 18
Gene expression 34 4
Generation of precursor metabolites and energy 9 10
Homeostatic process 4 11
Lipid metabolic process 2 10
Localization 16 14
Macromolecule metabolic process 41 18
Metabolic process 122 122
Nitrogen compound metabolic process 67 78
Nucleobase, nucleoside, nucleotide and nucleic acid metabolic process 13 8
Organelle organization 2 0
Organic acid metabolic process 19 33
Primary metabolic process 86 80
Protein metabolic process 33 11
Regulation of cellular process 0 1
Response to stress 5 22
Ribosome biogenesis 32 2
Secondary metabolic process 1 1
Sulfur metabolic process 2 6
Transmembrane transport 5 3
Cellular component
Cell 124 71
Cell projection 1 0
External encapsulating structure 1 4
Extracellular region 3 1
Intracellular 93 47
Intracellular part 80 33
Membrane 37 19
Organelle 38 6
Protein complex 45 35




Enzyme regulator 1 0
Ion binding 59 66
Lipid binding 1 1
Nucleic acid binding 58 31
Protein binding 1 2
Signal transducer 5 8
Structural constituent of ribossome 31 1
Substrate-specific transporter 2 0
Translation regulator 1 0
Transmembrane transporter 68 45
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involved in various metabolic pathways in bacteria, acting in
response to environmental changes. It has been shown that
Crp acts as a transcription regulator in response to stresses in
Deinococcus radiodurans (Yang et al. 2016). This Gram-
positive bacterium is characterized by its efficient DNA repair
ability and extreme stress resistance (Makarova et al. 2001)
and generally considered to be an ideal model organism for
studying bacterial resistance mechanisms under various stress
conditions. This recent study demonstrated that the transcrip-
tion levels of crp genes were increased to different extents
when the bacteria were exposed to oxidizing agents. The
Crp mutants were more susceptible to hydrogen peroxide
(H2O2) than the wild-type strain, proving the important role
of these proteins in stress resistance of D. radiodurans.
The fri gene encodes an iron-binding ferritin-like protein
(Fri) that belongs to the Dps (DNA-binding proteins from
starved cells) family of proteins (Haikarainen and
Papageorgiou 2010). Ferritin is the most important iron re-
serve protein, found in all cells, especially in those involved
in ferric compound synthesis, iron reserves and metabolism,
which is required by several bacteria. It has been shown that
the fri gene is repressed by Fur (Fiorini et al. 2008), being
upregulated under several conditions, such as iron restriction,
heat and cold shock (Hébraud and Guzzo 2000). The results
obtained in the present study confirm this, since the fur gene
was downregulated, and, consequently, the fri gene was up-
regulated in the presence of EOBp. A recent study demonstrat-
ed that the cell-envelope stress response in L. monocytogenes
is linked to the osmotic stress response, confirming the results
obtained in the present work, because active terpenes com-
pounds present in EOBp act by binding the cell membrane
of microorganisms (Milecka et al. 2015). Several studies sug-
gest that Fri has a global impact on the L. monocytogenes
regulatory network (Dussurget et al. 2005; Olsen et al.
2005), and this protein is also a mediator of beta-lactam
tolerance and resistance to antibiotics such as cephalosporins
(Krawczyk-Balska et al. 2012).
Iron is also necessary for cellular growth, development and
survival, thus the [Fe-S] clusters—isc—are cofactors of en-
zymes involved in several biological processes related to res-
piration, DNA repair, carbon/nitrogen metabolism and regu-
lation of gene expression (Py and Barras 2010). The isc oper-
on encodes IscR, a [2Fe-2S] transcription factor that is in-
volved in [Fe-S] cluster biogenesis, being a regulator respon-
sible for governing various physiological processes during
growth and stress responses (Mettert and Kiley 2014). IscR
is widely conserved among proteobacteria (Rodionov et al.
2006); however, in Gram-positive bacteria, it is not well char-
acterized. A relevant study performed by Santos et al. (2014)
demonstrated that a gene from the unique Gram-positive dis-
similatory metal-reducing bacterium Thermincola potens,
which belongs to the Firmicutes phylum, the same as
Listeria species, encodes a functional IscR homolog that is
likely involved in the regulation of iron-sulfur cluster
biogenesis.
Catalase (Kat) and superoxide dismutase (Sod) are the two
major proteins implicated in protection against superoxides
and reactive oxygen species (ROS) (Camejo et al. 2009), as
the sod gene acts by dismutating the superoxide radical anion
O2
•- to H2O2, which is transformed into H2O by the kat gene
(Imlay 2003). Sod proteins can be classified into different
types according to their metal cofactors, but only
manganese-dependent superoxide dismutase (MnSod) is
found in L. monocytogenes (Vasconcelos and Deneer 1994).
In the present study, the sod gene was upregulated in the
presence of EOBp, in agreement with others studies related
to the oxidative stress response. In addition to providing bac-
terial resistance against host-generated toxic oxygen species,
sod gene induction has also been demonstrated during biofilm
formation (Trémoulet et al. 2002), which is related to
Fig. 2 Transcriptional analysis
results. Relative expression of
actA, agrA, crp, degU, fri, fur, hly,
iscR, malR, prfA, sigB and sod,
normalized with rpoB and
16SrRNA, for Listeria
monocytogenes 55 grown in the
presence of EOBp, and respective
bars indicating the standard
deviation values. All genes were
statistically less or more
transcribed (P < 0.05); graphical
representation obtained with
Microsoft Office Excel 2007
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oxidative stress in several bacteria as a response to changes in
environmental conditions (Arce Miranda et al. 2011; Bitoun
et al. 2011). As well as EO, ozone also has antimicrobial
potential, being widely used in food processing due to its
significant disinfection and ability to degrade rapidly. Both
catalase and superoxide dismutase were found to protect path-
ogenic L. monocytogenes cells from ozone attack (Fisher et al.
2000).
Listeria species are widespread in the environment and
soils, which are rich in complex carbohydrates like starch
and its degradation products maltodextrins and maltose, re-
quiring efficient uptake mechanisms for these compounds
(Gopal et al. 2010). The maltose repressor protein (MalR) is
a member of the LacI/GalR regulatory family, which is re-
sponsible for controlling a broad range of bacterial metabolic
processes, from selective carbon source utilization to nucleo-
tide synthesis and amino acid catabolism (Nguyen and Saier
1995; Swint-Kruse and Matthews 2009).
In conclusion, the use of natural compounds provides a
new way for the scientific community to control the growth
of microorganisms in food products. Results obtained in the
present study on the antimicrobial effect of EOBp on Lm55
isolated from dairy products (cheese), indicate a downregula-
tion of virulence genes and upregulation of stress response
genes, which results in destabilization of bacteria.
L. monocytogenes is considered one of the pathogens with
higher mortality rates involved in foodborne outbreaks, thus
the possibility of reducing its pathogenicity becomes of great
relevance for future research.
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Abstract
The adult Taenia solium, the pork tapeworm, usually lives as a single worm in the small intestine
of humans, its only known definitive host. Mechanisms of genetic variation in T. solium are poorly
understood. Using three microsatellite markers previously reported [1], this study explored the
genetic variability of T. solium from cysts recovered from experimentally infected pigs. It then
explored the genetic epidemiology and transmission in naturally infected pigs and adult tape-
worms recovered from human carriers from an endemic rural community in Peru. In an initial
study on experimental infection, two groups of three piglets were each infected with proglottids
from one of two genetically different tapeworms for each of the microsatellites. After 7 weeks,
pigs were slaughtered and necropsy performed. Thirty-six (92.3%) out of 39 cysts originated
from one tapeworm, and 27 (100%) out of 27 cysts from the other had exactly the same geno-
type as the parental tapeworm. This suggests that the microsatellite markers may be a useful
tool for studying the transmission of T. solium. In the second study, we analyzed the genetic vari-
ation of T. solium in cysts recovered from eight naturally infected pigs, and from adult tapeworms
recovered from four human carriers; they showed genetic variability. Four pigs had cysts with
only one genotype, and four pigs had cysts with two different genotypes, suggesting that multiple
infections of genetically distinct parental tapeworms are possible. Six pigs harbored cysts with a
genotype corresponding to one of the identified tapeworms from the human carriers. In the den-
drogram, cysts appeared to cluster within the corresponding pigs as well as with the geographi-
cal origin, but this association was not statistically significant. We conclude that genotyping of
microsatellite size polymorphisms is a potentially important tool to trace the spread of infection
and pinpoint sources of infection as pigs spread cysts with a shared parental genotype.
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Author summary
Taenia solium, the pork tapeworm, is a major cause of epilepsy in developing countries.
Although it has been deemed a potentially eradicable pathogen, it remains prevalent in
rural communities. This two-part study aims to evaluate the utility of three microsatellite
markers previously reported, to identify parasites and to establish relationships among
them. In the first study, we evaluated the genetic variability of the progeny of two individ-
ual tapeworms by infecting two groups of three pigs each. We found variation of 8% and
0% in the two groups with respect to the parental tapeworm, indicating that the cysts
source may be identifiable. Next, in the second study we described the genetic relation-
ships among tapeworms obtained from four carriers and cysts obtained from eight natu-
rally infected pigs in a rural community. We demonstrated that pigs can have two types of
cysts, suggesting multiple infections. In addition, we found relatedness between 6 pigs and
one tapeworm identified in the community. Our results indicate the potential for micro-
satellite markers to identify genetic relationships between parasites and thereby establish
routes of transmission. It is likely that the limited number of microsatellites prevented us
from establishing relatedness with more precision. Therefore, further evaluation of addi-
tional microsatellites is recommended.
Introduction
Taenia solium is a zoonotic parasite that affects both humans and pigs. Larval infection in the
human brain results in neurocysticercosis, the sole main cause of acquired adult epilepsy in
developing countries [2]. Neurocysticercosis is considered a potentially eradicable disease [3],
and many efforts to implement interventions to control or eliminate this parasite are currently
being explored [4, 5]; however, there are some aspects of the epidemiology, such as distribu-
tion and transmission of the parasite among endemic communities that are still unknown.
Control strategies for cysticercosis vary in scale and scope. Understanding the interaction
between the parasite, swine host, and humans by observing transmission dynamics and clus-
tering of infection through the use of genotyping can help determine the most cost-effective
intervention for the given setting.
Although the genetic variation of T. solium has not yet been fully described, a detailed
understanding of T. solium population genetic structure is vital to determining the transmis-
sion and other epidemiological features of this disease [6–8]. Moreover, the study of genetic
variants may help elucidate the reproduction aspects of the parasite [8].
Genotyping tools are useful to study the etiology and distribution of parasites among popu-
lations [9, 10]. The genetic variability of T. solium, in particular, demonstrates geographic dis-
tribution that has been previously described in the literature [11–13]. In experimental
infection, genetic variability has been shown among cysts originating from a given parental
tapeworm, as well as an association between the genotypes of the parental tapeworm and its
cysts progeny [14].
Given that T. solium is a monoecious self-fertilizing parasite, most common genetic mark-
ers show poor genetic variability, and therefore genetic markers with higher mutations rates,
such as microsatellites are needed. Microsatellites have been used in other cestodes, like Echi-
nococcus multilocularis, in which the, spatial distribution of strains was studied in different
regions of the world [9]. In particular, this was analyzed at a local scale, in the French
Ardennes area, Italy, Hungary, and Norway [15–18]. Remarkably, it was found that the use of
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the single microsatellite marker, EmsB, is sufficient for molecular tracking of transmission [19,
20]. Albeit not from public health perspective, the use of microsatellites has also been reported
in the study of genetic and reproductive aspects of the cestode Schistocephalus solidus [21], as
well as, in the Mendelian inheritance in Oochoristica javaensis[22].
Recently, our group has sequenced the whole genome of two T. solium isolates. After identi-
fying more than 9,000 microsatellite sequences along the complete genome, we evaluated 36
microsatellites, and identified a set of seven polymorphic microsatellite markers with potential
use for genotyping [1]. Using those markers, strains from communities in the North and
South of Peru were able to be discriminated, and a small amount of intra-community geno-
typic variability was able to be detected [1].
This two-pronged investigation including one experimental and one epidemiologic study
was developed to evaluate T. solium genetic variability in a public health context. The experi-
mental portion of this study aimed to establish empirical evidence that offspring cysts have the
same genotype as the parental tapeworm. We evaluated the genotypes of offspring cysts
derived from pigs experimentally infected with T. solium proglottids of the same tapeworm.
Experimental evidence was designed to inform the second part of this study, and is important
in the ability to pinpoint sources of infection and allow for epidemiologic tracing. The epide-
miologic study aimed to examine associations between tapeworms and cysts found in pigs. We
analyzed the association of genotypes of tapeworms from human carriers and cysts from natu-
rally infected pigs in a rural community in Piura, a northern city of Peru to provide an initial
exploratory assessment of the epidemiology of transmission in this community.
Materials and methods
Genetic variation in cysts developing in pigs infected with eggs from the
same tapeworm
The objective of this experiment was to identify and evaluate the spontaneous variability of
cyst genotypes compared to the genotypes of the parental tapeworm from which they origi-
nated. For this, two groups of three pigs each were experimentally infected with proglottids of
two different tapeworms with distinct known genotypes based on four microsatellite markers.
Tapeworm samples. The T. solium samples were donated from the repository of the Cys-
ticercosis Working Group in Peru, and they were obtained from “complete” tapeworms (e.g.
portion very close to the scolex and gravid proglottids) expelled as residual samples after rou-
tine treatment of two patients, one from Apurı́mac in the South Highlands of Peru (Tapeworm
TA) and one from Cajamarca in the North Highlands of Peru (Tapeworm TB). Gravid pro-
glottids were stored in 25% glycerol supplemented with penicillin (1000 UI/mL), gentamicin
(100 μg/mL), amphotericin B (0.02 mg/mL), and streptomycin (1 mg/mL) at 4˚C until infec-
tion. The proximal portion next to the scolex was stored in absolute ethanol at room tempera-
ture until genotyping was performed. Both had different genotypes, evaluated by sequencing
(described below in the Genotyping section). The closest segment to the scolex portion of the
parasite was used for DNA extraction and genotyping the tapeworm, since it does not have
proglottids with eggs [23]. The gravid proglottids, which proved to be viable (see below), were
used to experimentally infect pigs.
Animals. Six one-month-old female piglets (Sus scrofa domestica) were obtained from a
farm free of T. solium in Lima, Peru. Animals were confirmed to be negative to the antibody
detection assay by an enzyme-linked immunoelectrotransfer blot (EITB, western blot) assay
using lentil-lectin purified parasite glycoprotein antigens [24].
Viability of oncospheres. To proceed to the artificial infection of pigs, it was important to
know if the oncospheres contained in the proglottids were viable. This was done as described
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by Verástegui et al [25]. Briefly, the oncospheres were released using hypochlorite at 0.75% for
10 minutes to weaken the egg layer. Subsequently they were washed 3 times with RPMI 1640
medium, 0.4% trypan blue added. It was observed under the microscope and the oncospheres
that excludes the dye were considered viable.
Infection of pigs. Three piglets were infected with one proglottid from tapeworm TA
each, and the other three with proglottids from tapeworm TB. Infection was carried out seven
months after tapeworms were obtained.
Pigs were identified with a numbered ear-tag. Proglottids were administered inside a piece
of banana as previously described [26]. Infection was confirmed by a positive EITB Western
blot test [24] two weeks after infection.
Porcine blood sampling. Blood was obtained from the animals for cysticercosis serology
two weeks after infection. A trained veterinarian collected the blood sample from the anterior
cava vein using vacuum tubes; serum was isolated by centrifugation at 3500 r.p.m. for 5 min-
utes. Samples were stored at -20˚C.
Necropsy. All pigs were euthanized 7 weeks post infection. Each pig was injected with
Ketamine (20 mg/kg) and Xylacine (2 mg/kg) IM to produce sedation. Under sedation, the
pigs were injected with sodium pentobarbital IV to produce euthanasia. Necropsy was per-
formed immediately after euthanasia [26]. Full carcass dissections were performed. Healthy
cysts were recovered from each carcass.
Collection of cysts for DNA extraction. Healthy cysts were individually and randomly
selected and collected from the trunk, muscles from legs and arms, brain and heart, if avail-
able for each pig. Cysts were washed with saline solution 0.9% twice and a final wash with
ethanol, so the sample is free from porcine tissue. Then each cyst was stored in absolute
ethanol at 4˚C. A healthy cyst was defined as a sack containing a transparent clear fluid
and a white structure called the scolex. Cysts in this form are known to be mostly viable
[27].
Cyst DNA purification. DNA purification was done using the QIAmp DNA Mini Kit
(QIAGEN, Hilden, Germany) according to manufacturer´s instructions. The DNA quality
and quantity was verified by UV spectrometry (Nanodrop 2000c) [28] and was stored at -20˚C
until use.
Microsatellite genotyping. Four microsatellite markers were used in this study: TS_S
SR09, TS_SSR27, TS_SSR28, and TS_SSR32. Other markers reported in our previous study
were excluded due to the following reasons: TS_SSR01 had shown low polymorphism among
northern strains [1]. TS_SSR16 and TS_SSR18 were dinucleotides, with a high risk of unpre-
cise assessment of polymorphism. Sanger sequencing was performed to assess size polymor-
phisms of the microsatellites. This technique causes loss of information at the 5´ end, which
could include the repetitive motif of the microsatellite, therefore we designed a new set of
external primers for the specific microsatellites SSR09, SSR27, SSR28, and SSR32 respectively:
TS_SSR09-F (5´- TGGCATTCGACTGGATGACC -3´), TS_SSR09-R (5´- AGAGAAG CAA-
CAGAATACTGC -3´), TS_SSR27-F (5´- AGGTAGACCACCTCCGTCTC -3´), TS_SSR 27-R
(5´- GGAAATTCGCATGGCTGTGG -3´), TS_SSR28-F (5´- TCTACCCCGTCAGTTGAG
GT -3´), TS_SSR28-R (5´- GGTGTGAATTAACCAGCTAG -3´), TS_SSR32-F (5´- GGATGT
GACGGGGTTTGACA -3´), and TS_SSR32-R (5´- CATTAGGGGTTCAGTCGGGG -3´)
using Primer3 [29, 30]. The PCR reaction volume (25 μL) consisted of: Buffer 1X (Invitrogen),
2 mM MgCl2, 0.2 mM dNTPs each one, Forward primer: 1μM, Reverse primer: 1 μM and 20
ng of DNA, Taq polymerase 0.3 U. PCR was conducted in a MJ Research MiniCycler PTC-150
thermocycler with a hot cover using the following temperature profile except where otherwise
stated: the initial denaturation step was at 95˚C for 5 minutes, followed by 35 cycles of 95˚C
for 45 seconds, 62˚C for 45 seconds and 72˚C for 2 minutes and a final extension at 72˚C for 5
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minutes. PCR products were sent for DNA sequencing at Macrogen Corp., Rockville MD. The
size of the microsatellite markers was calculated using a reference sequence obtained in our
previous study, for comparison [1]. We verified that the variation in size was due to the num-
ber of repeats and not due to any other mutation in the flanking regions of the microsatellite
marker.
Analysis of cysts found in naturally infected pigs
The aim of this experiment was to evaluate the genetic variability of T. solium cysts from pigs
recovered in a natural environment and its association with tapeworm carriers.
Design. First, a mapping and census of all houses was done in the community including
GPS locations of each house. Tapeworm carriers had been previously identified three months
prior in a previous study [31] and tapeworms were obtained from that study. Infected pigs
were detected by tongue examination [32]. These animals were euthanized, and cysts were ran-
domly recovered from the entire carcasses. Tapeworms and cysts were genotyped using the
four microsatellites markers described above [1].
Study site. Pampa Elera Baja is a rural community located in the highlands of the North-
ern Region of Piura, in Peru. It has about 700 inhabitants. The prevalence of T. solium taeniosis
was estimated in 1% [31]. 79/170 (42%) of families raised pigs at small scale.
Mapping and census. Mapping and a census of all houses in the community was per-
formed. Mapping included geographic location (latitude and longitude coordinates) of each
house recorded using global positioning system (GPS) receivers (GeoExplorer CE XT; Trim-
ble, Westminster, CO). For the census, we obtained additional information from each person
residing in the house, including age, sex, origin and characteristics of the house, such as mate-
rial of construction, presence of latrine, disposal of feces, source of water, and treatment of
water for consumption. GPS locations of houses that own pigs were used for analysis of associ-
ation between genetic distances and geographic distances.
Tongue examination. Tongue examination was performed to identify possibly infected
pigs [32]. Tongue examination is 100% specific [32]. The tongue of each pig was held using a
special forceps while a trained veterinarian conducted a manual examination starting at the
base of the tongue and palpating down to the tip to detect the presence of nodules and cysts.
Pigs were considered positive if cysts were observed or palpated in the tongue muscle or base,
otherwise the pig was considered negative.
Necropsy. Pigs were purchased from their owners and moved to a separate euthanasia
area. Necropsy was performed as explained in the previous section. Healthy cysts were recov-
ered from each carcass for microsatellite genotyping.
Microsatellite genotyping. DNA from tapeworms recovered from human carriers was
previously obtained by our group (Watts, 2014) 3 months before, therefore no important vari-
ations at the population level are expected. DNA from cysts was collected from naturally
infected pigs. All DNA samples collected were used for genotyping. All tapeworms and 10 to
14 cysts per pig were processed for DNA extraction, DNA purification, PCR amplification,
and sequencing for microsatellites TS_SSR09, TS_SSR27, and TS_SSR28 as explained in previ-
ous sections.
Statistical genetic analysis. Expected heterozygosity was estimated with Arlequin V.3.5
software [33]. To determine the genetic distances between tapeworms and the cysts from dif-
ferent pigs, pairwise Nei’s genetic distance(Da) was calculated using POPULATIONS software
version 1.2.32 [34]. A UPGMA (unweighted pair group method with arithmetic mean) den-
drogram was inferred and trees were constructed using the FigTree software (http://tree.bio.
ed.ac.uk/software/figtree/).
Genetic variability of Taenia solium
PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006087 December 28, 2017 5 / 15
The geographic distances were calculated using data from the GPS records and the on-line
distance calculator: Movable Type Scripts (http://www.movable-type.co.uk/scripts/latlong.
html). The geographic location of the pigs was considered identical to the geographical loca-
tion of the owner household. The associations between the genetic distances (Da) and geo-
graphic distances were tested by the Mantel test [35] using R [36].
The probability that a naturally infected pig had different types of cysts in proportions due
to the natural variation was calculated by the binomial test.
Ethics statement
All procedures complied and were approved by the Ethics Committee for Animal Use (CIEA:
Assurance NumberA5146-01) at Universidad Peruana Cayetano Heredia (Lima, Peru) under
Protocol Number 62400 for the experimental infection, and Protocol Number 61340 for the
field study. T. solium tapeworms used for the experimental infections were donated from the
repository of the Cysticercosis Working Group in Peru, and had been obtained from tape-
worms expelled as residual samples after routine treatment. T. solium tapeworms used in the
field study were obtained from a previous study conducted in the community of Pampa Elera
[31].
Results
Genetic variation in cysts developing in pigs infected with eggs from the
same tapeworm
Before infection, viability was established, Tapeworm TA had a viability of 68% and Tapeworm
TB had a viability of 62%. All the pigs were successfully infected, as confirmed by necropsy.
We processed a total of 39 healthy cysts from Tapeworm TA and 27 healthy cysts from Tape-
worm TB. The two tapeworms showed different genotypes for all markers, except for SSR32
(Table 1).
Microsatellite SSR32 was found to be monomorphic among tapeworms TA and TB, and
among cysts from different pigs (results are shown in S1 Table); therefore, it was not included
in the analysis. Based on sequencing results, we defined that two genotypes were the same if
the size bands in the three loci for SSR09, SSR27, and SSR28 were identical. Thirty six out of 39
examined cysts (92.3%, 95%CI: [79.1% - 98.4%]) from Tapeworm TA and 27 out of 27 exam-
ined cysts (100%, 95% CI: [87.2%-100%]) from Tapeworm TB showed the same genotype as
the parental tapeworm (Table 2, and S1 Table). There are spontaneous mutations that appear
to occur naturally and are not higher than two repeats (6 nucleotides). Therefore, the probabil-
ity that a cyst with a difference of more than two repeats be a spontaneous evolution of the
parental tapeworm is 7.7%. In analyzing each individual marker, 1/39 cysts varied in any of the
markers (2.6%, 95% CI [0.1%-13.5%]). The results of the markers that differed from the paren-
tal tapeworm were amplified and sequenced twice and the differences were consistently
observed.
Table 1. Genotypes of tapeworms used to experimentally infect pigs obtained by sequencing.
SSR09 (GGT) SSR27 (GAA) SSR28 (GTA) SSR32 (AGC)
Tapeworm TA 169 168 224 176
Tapeworm TB 160 153 221 176
https://doi.org/10.1371/journal.pntd.0006087.t001
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Analysis of cysts found in naturally infected pigs
Census and mapping. Pampa Elera Baja is a typical rural community with absence of san-
itary facilities, where pigs roam freely to forage for food. A total of 530 people were surveyed in
170 houses in the community. Two hundred and seventy one (51.2%) were women and 259
(48.8%) were men. Median age of the population was 26 years old (IQR 11–45). This is a rural
community where 90% of the houses were made of regional material (wood and mat). Ninety
four percent of the population consumed water from river or ditch, 74% reported treatment of
water for consumption, and 20% consumed untreated water. Eighty eight percent of the
households did not have a latrine, and 6% had an artisanal latrine. Eighty six percent of the
population reported to defecated in the field, while only 8% did in a latrine. Regarding porcine
husbandry, a total of 79 families (46%) declared that they raised pigs. Families raised 3.5 pigs
on average, ranging from 1 to 12 per family. The map of the village, showing the location of
infected pigs and tapeworm carriers identified in a previous study [31] is shown in Fig 1.
Among the four tapeworm carriers, two of them (3 and 4) did not have a latrine and
declared that they defecated in the field. The other two tapeworm carriers (1 and 2) declared
that they had a latrine and used them.
Identification of infected pigs. During field work, a total of 303 pigs were evaluated,
more than what was declared during census. A total of 9 tongue positive pigs were identified,
of which 8 were slaughtered and healthy cysts were collected per animal. All infected pigs were
born and raised in Pampa Elera Baja, they all roamed freely as stated by the owner. The charac-
teristics of the animals are described in Table 3.
Genotyping. Four microsatellites markers were used to genotype tapeworms and cysts:
SSR09, SSR27, SSR28, and SSR32. Results are shown in Tables 4 and 5, and S1. Because SSR32
was found to be monomorphic, we excluded it from the analysis (S1 Table). Based on sequenc-
ing results, we defined that two genotypes were the same if the size bands in the three loci for
SSR09, SSR27, and SSR28 were identical. Accordingly, six pigs (P1-P6) had cysts with a geno-
type identical to tapeworm T3. Two pigs (P7 and P8) had cysts with genotypes not found in
any of the tapeworms; both of them were from the same household (#40) (Table 3).
Two pigs (P4 and P5), that have cysts with genotype matching the genotype of tapeworm
T3, lived 220 m away from that tapeworm. The pig P6 that had cysts that matched with
Table 2. Genotype of cysts from experimental infection based on sequencing.
Pig Number of cysts found at necropsy Number of examined cysts SSR09 SSR27 SSR28
A1 1245 10 169 168 224
1 169 168 218a
1 169 165a 224
A3 499 13 169 168 224
1 163a 168 224
A7 1611 13 169 168 224
B4 675 11 160 153 221
B5 11 5 160 153 221
B6 135 11 160 153 221
Pigs A1, A3 and A7 were infected with Tapeworm TA proglottids and Pigs B4, B5 and B6 were infected with Tapeworm TB proglottids.
a Alleles that were different (in size) from the original tapeworm allele
https://doi.org/10.1371/journal.pntd.0006087.t002
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tapeworm T3 is the pig that lives furthest away (590 m) from tapeworm T3, other pigs live
within that area.
In the field study, cysts recovered from the same pig showed some genetic variation. Four
pigs harbored cysts with a unique genotype; however four pigs harbored cysts with two differ-
ent genotypes, in proportions that ranged from 10% to 43% (Table 5). Based on the spontane-
ous variability found in the experimental infection, the likelihood that a pig had two different
types of cysts in proportions of about 40%/60% is not likely to occur as a natural spontaneous
variation (P<0.0001). Therefore we believe that at least two pigs: P8 and P6 harbored cysts
with different parental origin (i.e. multiple infections). Hence, 32% of cysts recovered from pig
P6 and 35% of cysts recovered from pig P8 are likely to be of different parental origin. The
expected heterozygosity ranged from 0 to 0.34 (S2 Table).
Dendrogram analysis
The UPGMA tree (based on distances computed as differences of the number of “repeated
short sequences”), of 8 groups of cysts recovered from different pigs, and four tapeworms based
on genetic distances were classified into two groups associated with two regions of different alti-
tude, suggesting that the genetic diversity was related to the geographical location (Fig 2). One
group is comprised of the cysts obtained from pigs (P1, P2, P3, and P5) and tapeworm T1 and
T3. The second group includes cysts from pigs (P4, P6, and P8), and tapeworms T2 and T4.
To analyze the association of genetic variability and geographical distance, the Mantel test
was used for the microsatellite markers. No significant correlation between genetic and geo-
graphic distances was found (Spearman Rank correlation coefficient r = 0.166, Mantel P = 0.46).
Discussion
In this study we show important evidence of genetic variability of T. solium, and present a
promising genotyping tool based on DNA microsatellite markers. First, our data shows that
Fig 1. Map of the community showing the location of tapeworm carriers and cysticercosis-positive
pigs. This figure was created using ArcGIS and http://escale.minedu.gob.pe/descargas/mapa.aspx was used
also for base layer. Colors represent the genotype of tapeworms and cysts in pigs.
https://doi.org/10.1371/journal.pntd.0006087.g001
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the probability that a cyst has the same genotype (i.e. same microsatellite marker sequence) as
the parental tapeworm in an experimental infection is 92.3%. Second, naturally infected pigs
in an endemic rural community harboring subtypes of cysts with different genotypes, could be
explained by multiple infections. This tool is likely to correctly identify the progeny of a
tapeworm.
Defining a genotype as a unique combination of the microsatellite markers, the experimen-
tal infection study showed that the progeny of a given tapeworm had an almost identical geno-
type as the parental worm. This was specially noted in the cysts originating from the tapeworm
TB from Cajamarca, in the north of Peru, where all sequenced cysts had exactly the same geno-
type. This suggests a low genetic variability per generation that can be explained by T. solium
being a monoecious parasite that self-fertilizes [23, 37]. Through our methodology, we can be
assured that the cysts (3/39) that displayed different genotypes from the parental tapeworm are
due to spontaneous mutations of the microsatellites (e.g. slippage) [38, 39] and not due to
experimental PCR, since markers that resulted in different band size by sequencing were geno-
typed twice, including the PCR reaction itself. The spontaneous mutations in cysts originating
from the same tapeworm occurred at a rate of 7.7%, varying less than 2 repeats per generation.
Not considering this natural spontaneous genetic variability of cysts, could cause overestima-
tion of multiple infections in pigs; however, higher proportions of different genotypes may
point to multiple infections. Despite this natural variation, we show lower genetic variability of
T. solium than previously reported, using RAPD test [14] in an experimental infection. This
discrepancy could be explained by the fact that the RAPD test often yields higher variability
due to its random nature opposed to a DNA sequencing approach.
The epidemiologic study confirmed genetic variability among cysts obtained from pigs nat-
urally infected within the community, as previously reported [11, 12]. One aim of this study
was to show evidence of transmission between tapeworms and cysts using microsatellite
Table 3. Characteristics of pigs with cysticercosis used in this study.
Pig Sex Age
(months)
House Number of cysts found (counted) Number of cysts evaluated
P1 Male 7 117 2276 15
P2 Male 7 118 959 13
P3 Male 7 13 1837 12
P4 Female 9 79 634 10
P5 Male 9 91 1448 10
P6 Female 12 1 65 10
P7 Female 24 40 1064 12
P8 Female 24 40 114 14
https://doi.org/10.1371/journal.pntd.0006087.t003
Table 4. Genotype of tapeworms found in Pampa Elera community.
Tapeworm House Genotype
SSR09 SSR27 SSR28
T1 16 160 153 215
T2 69 160 156 218
T3 83 157 153 215
T4 94 160 153 218
Band size determined by sequencing.
https://doi.org/10.1371/journal.pntd.0006087.t004
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markers; important information was obtained from the analysis of the genotypes of cysts
obtained from 8 pigs and 4 tapeworms in the community, as explained below.
Two pigs (P7 and P8) from the community had cysts with two microsatellite genotypes dif-
ferent from the identified tapeworms. Since all sacrificed pigs were reported to be born and
raised in Pampa Elera, it is likely that they became infected from unidentified tapeworm carri-
ers. Also 23% of people surveyed came from different communities in Piura, Tumbes, and
some from Lima. Therefore, it is possible that infections from transient tapeworm carriers
may have occurred as well.
Six pigs harbored cysts that matched the genotype of tapeworm T3 (P1-P6), showing some
degree of concordance between the tapeworm and cysts recovered from pigs (also shown in
the dendrogram); however, the Mantel test did not show a significant association between
genetic distances and geography. Nevertheless, it has been shown that pigs can roam several
kilometers away from their homes [40, 41]. At this point, it is possible to state that: two or
more tapeworms in the community could have the same genotype, and/or the low number of
microsatellite markers used does not allow for capture of a finer overall genotype. Genotypes
of Tapeworms T1 and T2 did not appear among the excised cysts, the corresponding tape-
worm carriers declared having and using a latrine for defecation.
Four pigs harbored one type of cyst and four other pigs harbored two types of cysts. The
fact that cysts of one genotype were found within an individual pig may possibly be explained
by acquired or protective immunity. The finding of cysts with two genotypes in the propor-
tions found in this study suggest either multiple infections (animals that have eaten food con-
taminated with two different tapeworms either at the same time or at different times, i.e.
reinfection), that the tapeworm had an intrinsic source of variability such as recombination
Table 5. Genotypes of cysts excised from naturally infected pigs based on sequencing.
Pig Genotype
Number of examined cysts SSR09 SSR27 SSR28 Genotype proportion
P1 13 157 153 215 1.00
1 a 153 215 b
1 a a 215 b
P2 12 157 153 215 1.00
1 a 153 215 b
P3 11 157 153 215 1.00
1 157 153 a b
P4 9 160 153 221 0.90
1 157 153 215 0.10
P5 8 157 153 215 1.00
2 a a 215 b
P6 6 160 153 221 0.60
4 157 153 215 0.40
P7 9 160 156 215 0.82
2 160 156 221 0.18
1 160 a 215 b
P8 8 160 156 215 0.57
6 160 156 221 0.43
a Not enough DNA.
b Not considered for genotype proportion calculation.
https://doi.org/10.1371/journal.pntd.0006087.t005
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Fig 2. UPGMA dendrogram depicting Dc genetic distances between 96 cysts based on three polymorphic nuclear
microsatellite loci. 1–10 (Pig P4), 11–20 (Pig P5), 21–30 (Pig P6), 31–43 (Pig P2), 44–58 (Pig P1), 59–70 (Pig P3), 71–82
(Pig P7), 83–96 (Pig P8). Two main groups are shown.
https://doi.org/10.1371/journal.pntd.0006087.g002
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(for instance due to cross fertilization), or that a tapeworm carrier was infected with more than
one tapeworm.
Pigs with only one type of cyst were all male and 7 to 9 months old. On the other hand, all
pigs that harbored two types of cysts were female, in whom there could be a drop in immunity
peri-partum [42], which could favor reinfection. Also, De Aluja et.al. (1999) reported that
experimentally infected pigs were resistant to reinfection for at least five months [43], after
which they could become re-infected. All pigs that harbored two types of cysts were older than
9 months old, possibly allowing enough time to be infected twice. Also, it has been reported
that pigs from 7 to 9 months old roam greater distances from the household [41], therefore the
chances of becoming infected from other sources further from the pigs´ households could be
higher. Finally, it was found that two pigs (P7 and P8) that live in the same household had the
same two types of cysts. It has been reported by Pray et. al. (2016) that pigs from the same
household have identical roaming ranges and stay together as a herd, possibly explaining why
the genotypes were found to be the same.
It is likely that we missed infected pigs and tapeworm carriers. In our previous study [31],
in which tapeworm carriers were identified, we invited people from the community and not all
were willing to participate. Also, we may have missed tapeworm carriers due to use of an
imperfect diagnostic tool (spontaneous sedimentation in tube technique and microscopy)
[31]. Regarding pigs, only tongue positive pigs were analyzed, thus it is possible that more
infected pigs harboring different cysts are present in the community.
In this study, we initially tested four previously reported polymorphic microsatellite mark-
ers; however, based on sequencing analysis, one of them, TS_SSR32, was found to be mono-
morphic. This finding reinforces conceptions about the lack of precision in the automated
capillary system to identify size polymorphisms, as also reported by Manrique et al. [44].
Therefore, we evaluated the genotype of cysts using three microsatellite markers. This number
may seem small; however, another study found that a single multilocus microsatellite (the
EmtB) of Echinococcus multilocularis, was informative enough to genotype strains with a high
enough resolution to track transmission [19]. Therefore, it is likely that the three selected
microsatellites are sufficient. However further studies are required to evaluate this in a larger
population and to include additional microsatellite markers to improve precision to establish
relatedness among individuals within a community.
In conclusion, this study shows that these microsatellite markers constitute a promising
tool, and further genotyping should be done using additional markers to explore their poten-
tial in tracing transmission in an endemic community.
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Infections with Taenia solium are the most common cause of adult acquired seizures world-
wide, and are the leading cause of epilepsy in developing countries. A better understanding
of the genetic diversity of T. solium will improve parasite diagnostics and transmission path-
ways in endemic areas thereby facilitating the design of future control measures and inter-
ventions. Microsatellite markers are useful genome features, which enable strain typing and
identification in complex pathogen genomes. Here we describe microsatellite identification
and characterization in T. solium, providing information that will assist in global efforts to
control this important pathogen.
Methods
For genome sequencing, T. solium cysts and proglottids were collected from Huancayo and
Puno in Peru, respectively. Using next generation sequencing (NGS) and de novo assem-
bly, we assembled two draft genomes and one hybrid genome. Microsatellite sequences
were identified and 36 of them were selected for further analysis. Twenty T. solium isolates
were collected from Tumbes in the northern region, and twenty from Puno in the southern
region of Peru. The size-polymorphism of the selected microsatellites was determined with
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multi-capillary electrophoresis. We analyzed the association between microsatellite poly-
morphism and the geographic origin of the samples.
Results
The predicted size of the hybrid (proglottid genome combined with cyst genome) T. solium
genome was 111 MB with a GC content of 42.54%. A total of 7,979 contigs (>1,000 nt) were
obtained. We identified 9,129 microsatellites in the Puno-proglottid genome and 9,936 in
the Huancayo-cyst genome, with 5 or more repeats, ranging frommono- to hexa-nucleotide.
Seven microsatellites were polymorphic and 29 were monomorphic within the analyzed iso-
lates. T. solium tapeworms were classified into two genetic groups that correlated with the
North/South geographic origin of the parasites.
Conclusions/Significance
The availability of draft genomes for T. solium represents a significant step towards the
understanding the biology of the parasite. We report here a set of T. solium polymorphic
microsatellite markers that appear promising for genetic epidemiology studies.
Author Summary
Taenia solium, the pork tapeworm, is an important pathogen as it is a major cause of
acquired epilepsy in developing countries. The parasite was eliminated from most devel-
oped countries decades ago due to improvement in sanitary conditions but it remains a
common infection across Asia, Africa and Latin America. Identification of genetic variants
within T. solium will enable to study the genetic epidemiology, distribution and movement
of this parasite within endemic communities, which will ultimately facilitate the design of
control strategies to reduce the health and economic burden of disease.
Microsatellites have been used in other parasites to identify genetic variants. In this
study, we partially sequenced the genome of T. solium and identified microsatellites widely
distributed in the genome using bioinformatics tools. We evaluated the distribution of
these microsatellites collected from 20 tapeworms from the north and 20 tapeworms from
the south of Peru. We identified seven polymorphic microsatellites, and evaluated their
capacity to differentiate genetic variants of T. solium. Interestingly, tapeworms from the
North and South of Peru showed different genotypes, suggesting its use as a potential
marker to differentiate geographic origin.
Introduction
Cysticercosis is an infection caused by the larval stage of the cestode Taenia solium. When the
larval stages infect the central nervous system, the infection is known as neurocysticercosis
(NCC) and is the most common cause of adult-onset seizures in endemic regions worldwide.
Crude estimates of the burden of infection and disease suggest that greater than ten million
people have NCC and as many as 2.7–5.6 million suffer from epilepsy [1]. A recent analysis
concluded that in Latin America, vast parts of Asia, the Indian subcontinent and Southern
China, Sub-Saharan Africa, and Oceania, 29% of all cases of epilepsy are attributable to NCC
[2].
Microsatellite Markers for Taenia solium
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Humans are the only known definitive host, harboring the adult tapeworm and releasing
infectious eggs to the environment [3]. In pigs that ingest infectious ova or proglottids, the
released oncospheres cross the intestinal wall into the circulatory system where they become
trapped in the microcapilaries, often in the brain, muscles and subcutaneous tissues. The onco-
spheres develop into cysticerci (cysts) and if present in the parenchyma of the brain, seizures
and epilepsy may occur as a result of host inflammation against the cysts.
Understanding the genetic variation of T. solium has the potential to improve our knowl-
edge of the biology, epidemiology, infectivity, and pathogenicity of this parasite in endemic
regions [4–7]. Moreover, analysis of the genetic variation within and between different geo-
graphical populations can provide information on evolution [8], genetic differentiation and
speciation of parasites [9], as well as provide tools for understanding transmission dynamics,
which may contribute to public health efforts to control this parasitic infection.
The first attempts at genotyping Taenia parasites were directed towards the differentiation
of Taenia species based on the sequence polymorphism of mitochondrial NADH dehydroge-
nase 1 and cytochrome c oxidase subunit I (COI) genes using single-strand conformation poly-
morphism (SSCP) [10]. Restriction fragment length polymorphism (RFLP) also was used to
discriminate Taenia species by analyzing the ribosomal 5.8S gene sequence as well as the inter-
nal transcribed spacer (ITS) [11]. In 2001, Hancock et al showed diversity among T. solium
cysts from different countries using COI, a portion of the ITS1 encoded gene and the diagnostic
antigen Ts14. Little genetic diversity within T. solium samples collected from South America
and Asia was observed. In addition, 15 isolates from Peru had similar COI sequences showing
no genetic variability between them [12]. Later, two different worldwide genotypes were
reported, with Asian parasites grouped into one cluster, and parasites from Latin America and
Africa grouped into another cluster [4]. It has been suggested that the low variation found in T.
solium isolates may be associated with the limited resolution of the experimental techniques
used at that time [8].
More recently, with the development of new DNA analysis tools such as Random Amplifi-
cation of Polymorphic DNA (RAPD), greater genetic variation has been reported in parasites
from communities in Mexico, Honduras and Madagascar [5,13–15]. This data suggests that T.
solium has local lineages with different genetic characteristics. However, some disadvantages
have been reported with RAPD such as low reproducibility, inability to test heterozygosity and
subjective interpretation of the data [16,17]. Therefore, a more robust tool with higher resolu-
tion is needed to obtain more precise genotyping of T. solium isolates.
Microsatellites, or Simple Sequence Repeats (SSR), are repetitive DNA sequences consisting
of blocks of 1 to 6 nucleotides repeated up to 60 times 8. They are highly polymorphic in the
number of repeated units. The variation in size of repeat domains is mainly generated by slip-
page of DNA polymerase during DNA replication, resulting in the insertion or deletion of one
or more repeated units [18,19]. Microsatellites have the advantage of being multi-loci and prin-
cipally neutral markers [19], meaning that unlike protein-encoding genes, they are less likely to
be subject to selective pressure. Microsatellites are highly reproducible and specific, and are
easily identified from genome sequences by bioinformatics data mining [20–22].
Microsatellite polymorphisms can be detected by polymerase chain reaction (PCR) amplifi-
cation followed by DNA electrophoresis [8,23]. This technique has been used to analyze genetic
variation of other parasites such as Leishmania spp. [24], Schistosoma japonicum [6], Trypano-
soma cruzi [25], and Plasmodium falciparum [26]. Microsatellite markers also have the advan-
tage of being able to detect greater genetic variation than other genetic markers, as has been
demonstrated in Echinococcus multilocularis [27]. This work suggests that microsatellite poly-
morphism analysis is an appropriate tool to differentiate T. solium isolates. With the availabil-
ity of draft genome sequences, the identification of microsatellites is more efficient [20].
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Recently, a draft genome of a T. solium isolate recovered fromMexico has been published
[28]. It is however necessary to have more genomic information available, in order to identify
genotyping markers.
In this study we present two draft genome sequences corresponding to T. solium specimens
from Huancayo (cysts) and Puno (proglottid) from which we identified and characterized
microsatellite markers. We explore microsatellite length variability to differentiate T. solium
isolates from two regions of Peru. To analyze the microsatellites length we used a multi-capil-
lary electrophoresis QIAxcel system that has the advantage of automatized size determination
[29]. Although its advantages, this technique is limited by 3–5bp resolution that will not let us
differentiate length polymorphism lower than 3–5 bp. The proposed microsatellites will lead to
a more comprehensive understanding of the epidemiology of this important human pathogen.
Materials and Methods
Taenia solium tissue specimens for genome sequencing
Individual cysticerci (cysts) were recovered from a single, naturally infected pig fromHuancayo,
a city in the central Andean region. One proglottid from Puno (Fig 1) was excised from segments
of an adult tapeworm recovered from a single fecal specimen and used for extraction of DNA. To
minimize contamination with exogenous materials, the proglottid was washed thoroughly 10
times with phosphate buffer solution (PBS), transported in a mixture of PBS and antibiotics peni-
cillin/streptomycin/ amphotericin B), and stored at -70°C until the DNA was extracted.
Extraction of genomic DNAs from Huancayo cysts and Puno proglottids
DNA extraction from the Huancayo cyst sample. DNA and RNA was extracted simulta-
neously from T. soliumHuancayo cysts (named “Huancayo-cyst”) at Rocky Mountain
Fig 1. Map of Peru depicting the location of T. solium isolates used for this study.Map showing the location of Tumbes and Puno, as well as Huancayo
(locality of one of the genome source) and Lima, the country´s capital (A). Maps of Tumbes (B) and Puno (C) showing the location of the communities of
origin of the tapeworms for this study
doi:10.1371/journal.pntd.0004316.g001
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Laboratories (RML) (NIH, NIAID) following the Qiagen AllPrep DNA/RNAMini kit (Qiagen,
Valencia, CA) protocol with the following modifications. Cysts were first frozen in liquid nitro-
gen and finely ground to a powdery-like texture using a liquid nitrogen chilled mortar and pes-
tle. The ground tissue was transferred to a 1.5 mL Eppendorf tube containing 1.0 mL RLT
buffer (cell lysis buffer for DNA/RNA extraction, Qiagen) supplemented with 0.143 M β-mer-
captoethanol and allowed to incubate at room temperature for 15 minutes with occasional gen-
tle vortexing. Following the incubation, the extract was homogenized using a QIAshredder
spin column (Qiagen) and then purified with AllPrep DNA/RNA kit reagents following the
manufacturer’s protocol. DNA and RNAs were both eluted twice with 50 μl elution buffer per
elution. DNA yield and purity was assessed using dsDNA quantitation (Life Technologies,
Grand Island, NY) and UV spectrophotometry at A260 nm and A280, respectively. DNA qual-
ity was visualized on a 1% agarose gel (Lonza, Rockland, ME). Portions of the DNA samples
from the cysts were all pooled into one tube in order to meet quantity and quality thresholds
required for downstream Next Generation Illumina sequencing. RNAs were stored at -80°C for
future mRNA analyses.
DNA extraction from the Puno proglottid sample. DNA was extracted from a T. solium
proglottid originating from Puno (named “Puno-proglottid”) at the Centers for Disease Con-
trol and Prevention (CDC). Genomic DNA was extracted using a phenol chloroform extrac-
tion method, which included a lysozyme treatment at 37°C for 1 hour to minimize/eliminate
bacterial contamination of proglottids, since those were recovered from human feces, followed
by incubation with Proteinase K at 56°C overnight. The quantity and quality of the eluted
DNA was initially tested by ultraviolet-Vis spectrophotometry (Nanodrop, Thermo Scientific,
Newark, DE), and further evaluated with a picogreen kit (Life Technologies, Cat N°P7598) and
Biophotometer Plus (Eppendorf), respectively. In addition, for quality analysis, one microliter
of the eluted DNA was evaluated by electrophoresis through a 2% agarose gel.
Next Generation library construction and sequencing procedure
Sequencing of the Huancayo-cysts. For the Huancayo-cyst DNA, a paired-end and mate-
pair library were constructed separately and run on an Illumina HiSeq 2000 (Illumina Inc, San
Diego CA) at RML/NIH. The paired-end library was prepared as follows; one microgram of
pooled Huancayo cyst DNA was processed using the TruSeq DNA Sample Preparation Guide,
Rev. A., November 2010 (Illumina Inc., San Diego, CA). The resulting library was clustered on
a cBot using a paired-end flowcell and sequenced 100 cycles (bases) from both ends. The mate-
pair library was prepared and sequenced in the following manner; approximately 4 micrograms
of pooled Huancayo-cyst DNA was sheared using a Hydroshear device (Digilab Inc., Marlbor-
ough, MA) and processed following the procedure provided in Preparing 2–5kb Samples for
Mate Pair Library Sequencing, Rev. B, February 2009 (Illumina Inc., San Diego, CA). The bio-
tin-labeled fragments were electrophoresed on a 0.8% TAE preparatory gel and fragments
ranging in size from 2.4 to 4 Kb were excised for the circularization reaction. The resulting
library was clustered on a cBot using a paired-end flowcell and sequenced 100 cycles (bases)
from both ends.
Sequencing of the Puno-proglottid. For the Puno-proglottid DNA a fragment sequenc-
ing approach using the 454 GS-FLX+ (Roche Applied Science, Indianapolis, IN) and Illumina
Genome Analyzer IIe (Illumina Inc., San Diego, CA) was employed at the CDC. The 454-FLX
Titanium shotgun library was prepared as follows; DNA fragments larger than 1.5 Kb were
extracted from the Puno proglottid genomic DNA and 500 ng was processed using the proce-
dure in the Rapid Library Preparation Method Manual, GS FLX+ Titanium Series, October
2009 (454 Life Sciences, Branford, CT). For emulsion PCR a 4 copy-per-bead ratio was used to
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yield a bead enrichment of 8%. The resulting enriched beads were then sequenced using 454
GS FLX Titanium chemistry. The Illumina fragment library was prepared and sequenced in
the following manner: one microgram of Puno proglottid genomic DNA was processed using
TruSeq DNA Sample Preparation Guide, Rev. A., November 2010 (Illumina Inc., San Diego,
CA). The resulting library was clustered on a cBot using a single-read flowcell and sequenced
100 cycles (bases).
Huancayo-cyst genome assembly
For the assembly, both the Illumina mate-pair and paired-end sequencing results were com-
bined, providing a total of 878,340,445 usable reads at 100 bp average length. In order to pro-
vide the best assembly at an average of 157X coverage and for an expected genome size of
115MB, a subset of 175,931,369 reads were selected for de novo assembly process using Velvet
v1.1.05 [30], with the following parameters: coverage cutoff = 10, expected coverage = 26,
paired end insert length = 350, and mate paired insert length = 3,500.
Puno-proglottid genome assembly
For the Puno proglottid genome assembly, both the Illumina mate-pair and the 454 GS FLX
raw signals data were processed with the software GS Run Processor to obtain the reads, which
were assembled using GS de novo Assembler 2.6 with the following parameters: minimum
read length = 20 nucleotides (nt), overlap seed step = 12 nt, overlap seed length = 16 nt, overlap
minimummatch length = 40 nt, overlap minimummatch identity = 90 nt, overlap match iden-
tity score = 2 nt, overlap match difference score = -3 nt, all contig threshold = 100 nt, large con-
tig threshold = 500 nt; with an expected depth of 25X. Duplicated reads were used and the
assembly was performed 30 times, taking the iteration with the mean number of contigs.
Cysticercus/proglottid hybrid genome assembly
To generate a more complete T. solium genome sequence, we produced a hybrid assembly con-
sisting of the Puno-proglottid fragment 454 reads combined with the Huancayo-cyst Illumina
paired-end reads as follows. The hybrid genome was generated using Velvet v1.1.05 de novo
assembler using the Puno-proglottid 454 fragment reads, Huancayo-cyst Illumina paired-end
reads, and Huancayo-cyst Illumina mate-pair reads. Velvet parameters used are as follows:
kmer value = 57, coverage cut-off = 9, expected coverage = 38, paired insert length = 350, and
mate pair insert length = 3500.
Public submission of genomes assemblies
The set of contigs corresponding to the genome of the Huancayo-cysts, the set of contigs corre-
sponding to the assembled genome of the Puno-proglottid and the set of contigs corresponding
to the hybrid assembly created from both the Huancayo and Puno tissue genome assemblies is
available together at Genbank under the project ID PRJNA183343.
Identification of microsatellites in the T. solium genome
Microsatellites were identified using the script developed by Gur-Arie et al [31]. We searched
for repetitive motifs of 1–6 bp in our two assembled T. solium genomes. A total of 36 distinct
microsatellites with polymorphic attributes were selected according to the following criteria:
For the Puno-proglottid genome, a first group of microsatellites with a minimum of five motif
repetitions were selected. In order to determine if the microsatellites are transcribed, we veri-
fied if they were present in the T. solium ESTs sequences database available (http://www.ncbi.
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nlm.nih.gov/nucest/?term=%22Taenia+solium%22%5Bporgn%3A__txid6204%5D), which
later was included in the published T. solium genome sequence [28]. In order to determine if
the microsatellites are comprised within a coding region, we verified the presence of an ORF
using the algorithm ORF-Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Microsatellites
that showed differences in the number of repeats between the Puno-proglottid genome and the
ESTs database were selected for further analysis. We verified that conserved flanking regions
were present in both the Puno-proglottid genome and the ESTs database. Five microsatellites
(TS_SSR01 to T S_SSR05) were selected. In addition, 8 of the longest microsatellite sequences
from the Puno-proglottid genome not present in the ESTs database also were selected
(TS_SSR06 to TS_SSR13). Because this first group of microsatellites was biased based on their
availability in ESTs, it is less likely that they are neutral.
A second group of microsatellites was identified in the Puno-proglottid genome and
mapped into the corresponding contigs of the Huancayo cyst genome. 200 microsatellites (100
di-nucleotides and 100 tri-nucleotides) with the largest repetitive motif in both genomes were
evaluated. After aligning the sequences we selected the largest sequences that showed polymor-
phisms in the repetitive sequences between both genomes (13–18 repeats). This resulted in
additional 23 microsatellite loci for testing.
Primer design for microsatellite amplification. In order to prevent any bias due to the
assembly of a consensus genome that does not account for the intrinsic genomic variability due
to the diplodism of T. solium and the potentially different sources of infection giving raise to
the multiple cysticercus processed to obtain DNA, we directly determined the size of the micro-
satellites after the individual amplification in each sample. Specific primers were designed
against the conserved flanking sequences of each microsatellite. The Primer3 program was
used with the following parameters: 20 bp length, 50% GC and 50°C Tm [32].
Tapeworm specimens. A total of 40 T. solium adult tapeworm specimens were randomly
and anonymously selected from the repository of the Cysticercosis Working Group in Peru.
Isolates came from different communities from the northern city of Peru, Tumbes (N = 20)
and the southern city of Peru, Puno (N = 20) (Table 1). The geographical distribution of the
collected T. solium tapeworm isolates is shown in Fig 1. Tapeworms were stored in 25% glyc-
erol supplemented with penicillin (1000 UI/mL) and Gentamycin (100 μg/mL) at 4°C until
use.
DNA purification and PCR amplification of microsatellite loci. DNA purification was
performed using the QIAmp DNAMini Kit (QIAGEN) according to manufacturer´s instruc-
tions. DNA was quantified by UV spectrophotometry (Nanodrop) and stored at -20°C until
use. The PCR reaction volume (25 μL) consisted of: Buffer 1X (Promega), 2.5 mMMgCl2, 0.2
mM dNTPs each one, Forward primer: 1μmol, Reverse primer: 1 μmol and 20 ng of DNA, Taq
polymerase 1 U. PCR was conducted in a MJ Research MiniCycler PTC-150 thermocycler with
a hot cover using the following temperature profile except where otherwise stated: the initial
denaturation step was at 94°C for 4 minutes, followed by 30 cycles of 94°C for 1 minute, 55–
65°C for 1 minute and 72°C for 1 minute and a final extension at 72°C for 10 minutes. Micro-
satellite markers were analyzed in a multi-capillary electrophoresis QIAxcel system using the
QIAxcel high-resolution kit with the OM700 method [29]. 25 bp-500 bp ladder was used as a
size marker for the assignment of the allele sizes using the system’s software. As a control and
in order to verify reproducibility, we amplified the microsatellite TS_SSR01 in four indepen-
dent replicates from 9 DNA samples.
Association analysis of microsatellite polymorphism with geographic location. In order
to determine an association between the geographic origins of the tapeworms with the specific
microsatellites, we performed a Fischer’s exact test to evaluate the independence between the
alleles identified in each microsatellite and the north/south geographic origin.
Microsatellite Markers for Taenia solium
PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004316 December 23, 2015 7 / 15
Ethics statement
Taenia solium cysts were excided in a previous study from a naturally infected pig in a Huan-
cayo local abattoir. The pig was bought by the study team at market price so the study team
owned the animal. Procedures were approved by Universidad Peruana Cayetano Heredia
Table 1. Origin of T. solium tapeworm isolates for the evaluation of microsatellites.
Tapeworm ID Community Populations † Region
6 San Isidro Cruz-Isidro-pinos Tumbes
39 San Isidro Cruz-Isidro-pinos Tumbes
28 San Isidro Cruz-Isidro-pinos Tumbes
38 La Cruz Cruz-Isidro-pinos Tumbes
7 Los Pinos Cruz-Isidro-Pinos Tumbes
19 Tumbes Tum-Corrales-San Juan-PenaBlanca Tumbes
31 Tumbes Tum_corrales-san juan_PenaBlanca Tumbes
20 Corrales Tum_corrales-san juan_PenaBlanca Tumbes
27 Corrales Tum_corrales-san juan_PenaBlanca Tumbes
11 Corrales Tum_corrales-san juan_PenaBlanca Tumbes
12 Fuerte 5 de Julio Tum_corrales-san juan_PenaBlanca Tumbes
5 San Juan—Virgen Tum_corrales-san juan_PenaBlanca Tumbes
25 Peña Blanca Tum_corrales-san juan_PenaBlanca Tumbes
18 La Choza Cañaveral–Choza Tumbes
24 Cañaveral Cañaveral–Choza Tumbes
14 Pueblo Nuevo Uñagato-progreso-pueblonuevo Tumbes
36 Pueblo Nuevo Uñagato-progreso-pueblonuevo Tumbes
8 Nuevo Progreso Uñagato-progreso-pueblonuevo Tumbes
35 Nuevo Progreso Uñagato-progreso-pueblonuevo Tumbes
13 Uña de Gato Uñagato-progreso-pueblonuevo Tumbes
40 Pharata Fharata Puno
1 Pharata Fharata Puno
30 Pharata Fharata Puno
17 Pharata Fharata Puno
21 Pharata Fharata Puno
34 Pharata Fharata Puno
3 Callata Callata Puno
9 Callata Callata Puno
10 Callata Callata Puno
29 Callata Callata Puno
4 Callata Callata Puno
15 Camicachi Camicachi Puno
33 Camicachi Camicachi Puno
37 Camicachi Camicachi Puno
23 Camicachi Camicachi Puno
32 Camicachi Camicachi Puno
16 Conchaca Conchaca_Tuturuma Puno
2 Conchaca Conchaca_Tuturuma Puno
26 Conchaca Conchaca_Tuturuma Puno
22 Tuturuma Conchaca_Tuturuma Puno
† Populations are the groups that were formed by proximity for the phylogenetic analysis
doi:10.1371/journal.pntd.0004316.t001
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(UPCH) ethics committee for animal use T. solium proglottid specimens were collected in pre-
vious studies by the Cysticercosis Working Group in Peru, with approval of the UPCH IRB
(IRB00001014); they were used as residual diagnostic samples.
Results
Analysis of genomic assemblies
Sequencing of the Huancayo-cyst genome produced a total of 175,931,369 reads that were
assembled into 18,361 contigs (the largest contig was 307,365 bp). The estimated genome size
was 114,605,177 nt. The sequencing of the Puno-proglottid genome produced a total of
76,625,473 reads that were assembled in 47,475 contigs (the largest contig was 79,438 nt). The
lack of large contigs in this assembly is due to the lack of paired-end sequencing data. The esti-
mated size of the Puno-proglottid genome was 109,898,809 nt. For the hybrid cyst/proglottid
assembly, 7,979 contigs were obtained, and the largest contig had 395,362 nt. The estimated
size of the hybrid genome was 111,029,218 nt. These and other statistics were calculated with
the program multifastats,py v1.4 (https://github.com/lbbm-upch/multifastats_v1.4), and are
summarized in Table 2. As expected due to their closeness, the Peruvian T. solium genomes
showed a similar size as the recently published Mexican T. solium genome (122.3 Mb), as well
as the genomes of E. granulosus (114.9 Mb), and E.multilocularis (115 Mb) [28].
Identification of microsatellites
We identified 9,129 microsatellite sequences distributed in the T. solium Puno-proglottid
genome and 9,936 in the Huancayo-cyst Genome (Table 3). In both the Puno and Huancayo
genomes, the greatest number of microsatellite loci found contained di-nucleotides repeats.
Most of these microsatellites were over-represented in the forms of AC/GT and AG/CT, while
the forms AT/AT and CG/CG showed a lower frequency of occurrence (S1 Table).
Microsatellite PCR and polymorphism analysis
Thirty-six microsatellites markers were identified as potentially polymorphic. We successfully
amplified 34 microsatellite markers in 40 T. solium tapeworm specimens. The estimated size of
the PCR products of the microsatellites in the tapeworm isolates was similar to the expected
theoretical sizes.
Table 2. Taenia solium genomes assemblies’ statistics.
CDC NIH Hybrid Hybrid
Puno proglottid Huancayo Cyst Cyst/proglottid (all contigs) Cyst/proglottid (GenBank)†
Total sequenced bases 109,898,809 114,605,177 116,668,703 111,029,218
Contigs 47,475 18,361 19,727 7,979
GC% 42.96 42.83 42.86 42.80
N50 4,839 39,744 46,836 43,923
Shortest contig (nt) 287 51 51 1000
Largest contig (nt) 79,438 307,365 395,362 39,5362
Mean contig length 2,314.9 6,241.8 5,914.2 13,915.2
Statistics of the hybrid genome are shown for the full version and for the set of contigs uploaded to GenBank
†Only contigs larger than 1000bp were submitted
doi:10.1371/journal.pntd.0004316.t002
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Within the tested sample, twenty-seven microsatellite markers were monomorphic, of which
26 were homozygous (only one band was observed in the electrophoretic pattern) and 1 was het-
erozygous (TS_SSR31, in which two bands were observed in all samples). Seven microsatellite
markers were polymorphic containing a total of 44 alleles within the polymorphic loci (Table 4).
All 40 tapeworms were homozygous for five markers (TS_SSR09, TS_SSR16, TS_SSR18,
TS_SSR27, and TS_SSR28), while some were heterozygous for TS_SSR01 and TS_SSR32 (S2
Table). The number of alleles varied from 4 for locus TS_SSR16 to 10 for locus TS_SSR32 with
an average of 6 alleles per locus. The polymorphic information content (PIC) varied from 0.472
for locus TS_SSR16 to 0.843 for locus TS_SSR28 with an average of 0.604 per locus (Table 4).
The reproducibility analysis of TS_SSR01 amplification showed a variability of 1–2 bp
between the four replicas in the nine isolates tested (S3 Table), which is lower than the range of
resolution reported by the manufacturer (3–5 bp). The variability of TS_SSR01 size between
the different T. solium isolates appeared as 2–15 bp, which is three fold higher than the experi-
mental error reported by the manufacturer (S3 Table).
Only TS_SSR01 was found to be present in the EST database. However the comprising region
did not show evidence of any ORF. Therefore TS_SSR01 is part of a transcribed but not-translated
sequence. When we compared TS_SSR01 against the complete no-redundant nucleotide collection
of Genbank using blastn, only one sequence from the close organism T. asiatica appeared similar.
Association of microsatellite polymorphism with the geographic origin of
tapeworms
The genetic diversity observed in isolates from the southern city of Puno (20 different geno-
types) was slightly higher than that the genetic diversity observed in the isolates from the
northern city Tumbes (16 different genotypes). Also the median number of alleles was slightly
higher (Table 5). The single microsatellite that best differentiated tapeworms from Tumbes
and Puno isolates was TS_SSR01. Most of the isolates from Tumbes (17/20) were associated to
genotype A (206/206 bp) and 3/20 of isolates were associated to genotype B (211/211 bp), all of
them homozygous. A lower prevalence of genotype A was observed in Puno (6/20) compared
to Tumbes (P = 0.001, Fisher’s exact test). A similar prevalence of genotype B (2/20) was
observed in Puno. Five other genotypes were found only in Puno (S2 Table).
Discussion
The present study describes the draft genome sequences of two T. solium isolates and the iden-
tification and characterization of DNAmicrosatellites. The T. soliummicrosatellites reported
Table 3. Frequency of microsatellites per type found in T. solium partial Genome 1 and partial Genome 2.
Number of nucleotides Range of repeats Number of microsatellites
Genome 1 Genome 2
Total bp analized 109’898,809 114,605,177
Mono nucleotide 10 to 53 2,298 2,737
Di nucleotide 6 to 38 3,393 3,537
Tri nucleotide 5 to 28 2,393 3,464
Tetra nucleotide 5 to 28 889 1,044
Penta nucleotide 5 to 18 123 122
Hexa nucleotide 5 to 10 33 32
Total 9,129 9,936
doi:10.1371/journal.pntd.0004316.t003
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Table 4. Characteristics of microsatellite loci evaluated.







TS_SSR_01 ACCGGTGGTCGGAATTATTA GTTCTTGCTGAGGTGGTTCC (CCATT) 206–226 5 0.582
TS_SSR_02 CTCCGTGTCTTGACAGCAAA TGACGAAATGGAACAGTGGA (ATGA) 190 1 -
TS_SSR_03 TTTCAAGCACGTGTCAGCAT GCTGGCAGACAGTGAGTAGG (CATT) 155 1 -
TS_SSR_04 CAGATGAGGGGATGATGCTT GAACGATCCCAACCTCCATA (GTT) 180 1 -
TS_SSR_05 GGGAAAATGCAGTTCAGAGC GGTCTGATGCGAGGTCTAGG (TAA) 197 1 -
TS_SSR_06 GACCAAGCCCAACACCTCTA CAAGAATGAACGGGAGCAAC (GGTA) 177 1 -
TS_SSR_07 GCACACAAACTGGTCACTCG TGCTATGCGTTTGCTTGTTT (CAAT) – - -
TS_SSR_08 TCGTCAGTGTGGGAGAGTGA TGGTTGGATTTGTGCTTTGA (ACG) – - -
TS_SSR_09 AAGCCAATGGTGACCAAGAG GCCAGCATAGAAGAGCCTGT (GGT) 166–178 5 0.534
TS_SSR_10 CGACTCACGGCATTCATCTA TCCAAGACCCTGTGAAATCC (GT) 220 1 -
TS_SSR_11 TCATCTTCCCCGTAAGGCTA ACACTCGAAGCGCAGTGTTT (GA) 181 1 -
TS_SSR_12 ATCTCGACAGGCTCGAGTTC TCCGAACAGCTTCGAGTTTT (TG) 192 1 -
TS_SSR_13 GTAGCGGTAACGGAGTGAGG TCAGGCTGGTAACGTGTCAG (GT) 202 1 -
TS_SSR_14 AGCCGGTTCTCAGTTGATTG AATGCACTCATGCCATCTCA (TG) 162 1 -
TS_SSR_15 GAAAAGAACGGCATGCAAAT GTTTGGCCATTTTGCCTCTA (AT) 165 1 -
TS_SSR_16 CGCTGGACTAGGGTCGAATA CAGCAGAACAACAGCACCAT (GT) 160–166 4 0.472
TS_SSR_17 GCATTCCGAGGATGAATGAT CGTTTTTCTGCACACTTGGA (CA) 160 1 -
TS_SSR_18 AGTTAGCGTGCTTGCTTGGT ATTCCTGTTGCAACCTCCAC (GT) 168–180 6 0.638
TS_SSR_19 TCCCTTACACCCTTCACGTC AAAGGCGGTAGATTGTGTGC (TG) 163 1 -
TS_SSR_20 GGCCATTCAGTACCAACCAT TGTGCATGCCATTGTATGTG (CT) 154 1 -
TS_SSR_21 CTATGCCACACCCAACAATG GGCCTTCAAGATCACTCGTC (GT) 187 1 -
TS_SSR_22 CCTATTCCACTGGGGTGATG TCGATGAGCTTGCTGTATGTG (TG) 178 1 -
TS_SSR_23 CCTTTTTCGGTGAAGTCGAT GCCTCCTTACACACATGCAA (CA) 209 1 -
TS_SSR_24 CCCCATTTCCTGTTTCCTCT GCGGTGGCAATATAAGCATT (CT) 144 1 -
TS_SSR_25 AGGTGGCGTTATGAATCAGC GCAAACCATCGGATAAAGGA (AC) 174 1 -
TS_SSR_26 CGGTTTGCTTTTATGCCAAT AAATGGTCGCCTGAAATGAC (GAA) 165 1 -
TS_SSR_27 GAGGTCTCGCCTCATCAAAG TTTCCACTCCCAAAAACTCG (GAA) 158–176 5 0.546
TS_SSR_28 TGACGCTGGTAAGCTGTTTG GGAACCTTGGCACGAGATAG (GTA) 202–226 9 0.843
TS_SSR_29 AAAGATGGACGGAAACAGGA GTTGGACGGAGATGTGTGTG (AGG) 187 1 -
TS_SSR_30 TGACGTGTCGTCAGGTAGGA CGCATAGCCAGTACTTGTTCC (TCC) 190 1 -
TS_SSR_31 GGTTGCTTTTGCTTGTCCTC CACTCTCCACGAGTCCACAA (TGA) 157/179 1 -
TS_SSR_32 TGACGTTAACGAGGGTGTTG AGATCTCGCCTTGCAACAAT (AGC) 177–210 10 0.617
TS_SSR_33 CCAGCGGCATATTACAAAGG ACTCAAAAGCGCCGAAATTA (AGG) 130 1 -
TS_SSR_34 ATCACTCCTGTCCCAACTGC GGGTCGATTGGTCAGAGAAA (CCT) 182 1 -
TS_SSR_35 GGGCGTGAACTCGAATAAAA GGGGCAGACAAGTGAAAAAG (CCA) 170 1 -
TS_SSR_36 GCCCTGATTGTTGCTTTTGT AACGACACGCGGAAAATATC (TCT) 175 1 -
± PIC was calculated only for polymorphic microsatellites
doi:10.1371/journal.pntd.0004316.t004
Table 5. General characteristics of polymorphicmicrosatellites by region.
Region Number of isolates Number of polymorphic loci Median number of alleles per locus Total number of different genotypes
Tumbes 20 7 3 16
Puno 20 7 5 20
doi:10.1371/journal.pntd.0004316.t005
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here were found to be distributed along the entire genome. The length polymorphism of micro-
satellites was analyzed for its association with the geographic origin of tapeworm isolates. We
found novel microsatellites that were able to differentiate tapeworms between the northern and
southern regions of Peru.
Microsatellites have proven to be highly informative in population genetic studies in several
parasites [6,33]. In the particular case of T. solium, the use of microsatellite markers allows a
way to define the genetic structure of populations and to conduct genetic epidemiology studies.
Although previous studies have shown a moderate genetic diversity of T. solium [4,9,10,34]
and particularly in Peru [12], the novel microsatellites we identified here have demonstrated
the capacity to differentiate tapeworms from Tumbes in the north and Puno in the south of
Peru.
Although the frequency of microsatellites and their coverage in the genome varies consider-
ably between organisms, the number of microsatellites found in T. solium (between 9,000–
10,000) is similar to the number of microsatellites identified in other parasites [21,35].
Although most of the microsatellite sequences were found in non-transcribed regions, we
found that T. soliummicrosatellites could also be present in transcribed/non-translated
regions, being the abundance in non-transcribing regions higher than in transcribed/non-
translated regions. This result is consistent with previous studies that reported that microsatel-
lites are more abundant in non-coding regions of eukaryotic organisms [36]. The relatively low
abundance of microsatellites in transcribed/non-translated as well as in coding regions could
be explained by a negative selection against mutations that change the function by altering the
secondary structure of the transcribed sequence or by altering the reading frame of the genes
[36,37].
Eukaryote microsatellite loci typically contain between 5 and 40 repeats, similar to what we
found in T. solium. As in other organisms, the number of microsatellites in T. solium decreases
as the size of the repeat unit increases [38,39]. It is important to highlight that the distribution
of the repeat types (mono- to hexa-nucleotide) varies across different taxa, and it has been sug-
gested that this variation is associated with to the interaction of the mutation and the differen-
tial selection pressure [37].
As previously reported in other species, we found that dinucleotide repeats motifs were the
most abundant type in T. solium, which tend to be longer in non-coding regions. This seems to
be explained by the negative selection pressure of polymerase slippage during replication of
coding DNA [40]. Castagnone—Sereno et al. reported that in nematodes, (AT)n was the most
common microsatellite motif [35]. We found the AC / GT dinucleotide motif to be the most
abundant in T. solium, which concordantly has also been found to be common in most verte-
brates and arthropods [41].
The genetic variability observed in this study may be explained by several factors, including
migration of humans and pigs, mutations in the tapeworm genome, cross-fertilization of tape-
worms in the intestine in cases where multiple tapeworm infections occur [42,43], among
others.
It is important to note that although the low resolution of QIAxcel system reported by the
company (3–5bp), the range of difference in the size of TS SSR01 between the north and south
region of Peru, is 2–3 fold higher than the expected error (5–15 bp) and the results of the
repeatability assay showed lower variability (1–2 bp). This evidence supports the main finding
of having TS SSR01 as a polymorphic marker able to differentiate tapeworms from the north
and south region of Peru.
Transmission dynamics are not fully understood, although genetic characterization by
means of microsatellite genotyping may unveil details of the ecology of T. solium. The use of
molecular characterization by means of microsatellites will potentially allow identification of
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genetic links between tapeworms, larval cysts found in infected pigs and eggs in soil or fomites.
Furthermore, microsatellites would help disentangle the genetic complexity of a population
due to the introduction of external tapeworms from immigrant tapeworm-carriers. This
method of genotyping also has implications in the evaluation of parasite control by identifying
the source of infection, and the re-introduction routes of the parasite into a specific region.
In conclusion, this study describes the identification and application of microsatellite mark-
ers in T. solium genotyping. The novel microsatellites reported here would be an important
tool for future studies of the genetic variability of T. solium, including population genetics,
basic epidemiology, super infections with more than one strain, and tracking the transmission
of cysticercosis.
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